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Abstract
Boston Scientific produces the Guglielmi Detachable Coil in their Cork based
facility. These are used in a surgical procedure to eliminate aneurysms. The first step
in the process is to form a coil by wrapping a platinum wire around a mandrel. These
coils have outer diameters ranging from 190 pm to 520pm. This is called the primary
wind and is inspected to find any defects introduced into the coil from the winding
process. These defects may be the result of wire defects in the raw material or
possibly poor handling by the operators. These primary winds are processed further to
form aneurysm embolisation coils. Any defect in the coil could result in coil breakage
during the procedure and cause a piece of the coil to flow to an undesired part of the
body. The current method of inspection involves manually examining the coils under
a microscope. The operator examines the coils for differences in the reflection caused
by non-uniformities of the coil. This method is quite subjective and is also very
demanding on the operator. A more robust and reliable method of inspection is
required. Direct optical microscopy falls short and fails to provide a reliable medium
for automated inspection.
Diffraction occurs when the coil is illuminated by a collimated laser beam. In
this project relationships between the Fraunhofer diffraction pattern and the coil have
been mathematically deduced. These relationships are exploited in order to use
diffraction as a means of examining the coils. This diffraction methodology also
allows for automated analysis. The diffraction method overcomes the shortfalls
experienced in direct optical microscopy. This diffraction system will produce more
accurate results than those found in direct magnification, when components of similar
quality are used. This is due to the sensitivity of the diffraction pattern to small
changes in the coil size.
Images for all available coils were captured using a customised diffraction rig.
Those sections of the coil which created the diffraction images were also physically
measured for calibration and validation of the system. The measurement outputs for
the calibrated diffraction system are compared to the measured parameters. The
difference in these measurements is less than 0.1%. This project also uses an image
comparison algorithm to find small defects which are not necessarily detectable
through dimensional measurement. A suite of algorithms were developed within
Lab VIEW for this purpose.
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All the available coils have been inspected and measured; the system
successfully identified all the defects and measured the coils accurately. Diffraction is
therefore a viable method for measuring coils of this size which are difficult to
measure with direct microscopy. This project has resulted in a system which will
automatically

inspect

a

single point on the

primary wind

coil.

Further

recommendation work should involve developing an automated system for moving
the coil past the inspection point thus enabling inspection of the coil along its full
length.
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Nomenclature

Nomenclature
GDC

Guglielmi Detachable Coils

X

Wind angle

p

Pitch of the coil
Point of interest

c

Diffraction multiplier factor (Bessel factor)

a

Wind angle,
Substitution variable for diffraction distribution

D

Diameter of the coil
Separation of slits
Diameter of a wire

z

Opaque shield

a

Observer plane

X

Wavelength (m)

R

Distance from the aperture to the screen
Reciprocal space dimension

L

Distance between the screen and aperture

I

Irradiance

E

Electrical field flux

0

angle of interest

P

Substitution variable for diffraction distribution

k

Wave factor

El

Source strength per unit length

q

Distance on the observer screen

J

Bessel function

a

radius of pinhole

A()

Aperture function

F()

Fourier transform

x,y,z

Cartesian co-ordinates in real space

X,Y,Z

Cartesian co-ordinates in fourier/recriprocal space

(p,r

Polar co-ordinates, in real space.

v|/,R

Polar co-ordinates, in fourier/recriprocal space
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m

Layer line order

u

Bessel variable

p,e

Hough transform

V

Velocity of wave

Nomenclature
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1

Introduction

1.1 Project Introduction
An aneurysm is a localised, blood-filled balloon-like bulge of a blood vessel caused
by disease or weakening of the vessel wall. Aneurysms most commonly occur in
arteries in the ‘Circle of Willis’ at the base of the brain. These are called cerebral
aneurysms. Aneurysms are also common in the aorta. These are called aortic
aneurysms. The bulge in a blood vessel can burst and lead to death at any time. The
larger an aneurysm becomes the more likely it is to burst and, since aneurysms
naturally grow, they will inevitably reach the bursting point if undetected. The
rupturing of a cerebral aneurysm releases blood into the spaces around the brain
causing a subarachnoid haemorrhage (a type of stroke and a life-threatening
situation). Figure 1-1 shows two types of aneurysm and a typical ruptured aneurysm.

Saccular Aneurysm

Fusiform Aneurysm

Ruptured Aneursym
Figure 1-1

Types of aneurysms commonly found in patients [1]

Cerebral aneurysms are sometimes called berry aneurysms because they are often the
size of a small berry. Most cerebral aneurysms produce no symptoms until they
become large and begin to leak blood or rupture. Figure 1-2 shows the typical location
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of a cerebral (berry) aneurysm in the arteries supplying blood to the brain. The inset
image shows a close-up of the sac-like aneurysm.

Figure 1-2

Typical location of cerebral aneurysms [2]

A ruptured cerebral aneurysm causes a stroke. Signs and symptoms can include a
sudden, extremely severe headache, nausea and vomiting, stiff neck, sudden weakness
in an area of the body, sudden difficulty in speaking, and even loss of consciousness,
coma, or death. The danger of a cerebral aneurysm depends on its size and location in
the brain, whether it leaks or ruptures, and the person’s age and overall health.
Currently there are two treatment options for brain aneurysms: surgical
clipping or endovascular coiling. Surgical clipping was introduced by Walter Dandy
of the Johns Hopkins Hospital in 1937 [2]. A craniotomy is performed to expose the
aneurysm. The base of this aneurysm is closed with a clip. Figure 1-3 shows the
surgical clip on a typical berry aneurysm. In order to attach the clip, the surgeon
requires a lot of room to work. A large hole in the skull is the only way to achieve this
navigational space, making this an extremely invasive procedure for the patient. In
most cases the patient will require 2-3 weeks to recover.
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Aneurysm

Figure 1-3

Image of an aneurysm after clipping [3]

Endovascular coiling was introduced by Guido Guglielmi at UCLA in 1991
[2]. It consists of passing a catheter into the femoral artery in the groin, through the
aorta, into the brain arteries, and finally into the aneurysm itself Figure 1-4 gives an
illustration on the route that the catheter takes to the site of the aneurysm. Once the
catheter is in the aneurysm, platinum coils are pushed into the aneurysm. These are
called Guglielmi Detachable Coils (GDC) after their inventor. The coil is detached
from the delivery wire using an electrolytic detachment process using an electrical
charge. These coils initiate a thrombotic or clotting reaction within the aneurysm that,
if successful, will eliminate the aneurysm.

Figure 1-4

Cerebral aneurysm method of coil embolisation [4]

Boston Scientific manufactures these GDC coils for the treatment of brain
aneurysms at their plant on Model Farm Road in Cork. These are used on patients
where the location of the aneurysm and the condition of the patient make the
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endovascular coiling method preferable to the conventional clipping method. These
coils must be completely inspected to ensure that they contain no defects. Certain
defects will result in a stress concentration which may completely fracture at much
less than the designed load. As these coils are used in an endovascular surgery, a
fracture could result in serious injury or death if the coil fragment were to end up in
an organ.
The coils are initially formed by wrapping platinum wire around a mandrel.
This is called the primary wind. The coils are then formed into their final shape and
annealed in an oven. Once armealed, the device will have a shape memory. This
means that the device can be straightened out in a microcatheter and deployed in an
aneurysm, but it will return to its annealed shape on deployment. Figure 1-5 and
Figure 1-6 show two examples of the final shape of the device. Both of these are fibre
doped by tangling fibres in the primary wind. This fibre will cause an extra
obstruction to the blood flow in the aneurysm and promote blood coagulation.

©2006 Boston Scientific Corporation or its affiliates. All rights reserved.

Figure 1-5

Spherical final shape of a GDC [4]
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Complex final shape of a GDC [4]

Figure 1-6

The manufacturer needs to detect any defects in the formed coil and ensure that the
coils used in surgery contain no defect. The most serious defects in these devices are
wire defects in the primary wind. The types of defects found in the GDC are shown in
Figure 1-7.
(a)

Kink defect

(b)

Inward crack

(c) & (d)

Surface peel

Figure 1-7

(a)

(b)

(c)

(d)

Figure 1-8 shows a 3D model of a surface peel, similar to Figure 1-7 (c) while Figure
1-9 shows a 3d model of the inward crack defect of Figure 1-7 (b).
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Figure 1-9
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3D model of the inward crack defect

The coils are made of platinum, which makes direct optical inspection very
difficult due to the specular nature of the surface of the platinum. Direct magnification
is hampered by the glare of the platinum making it extremely difficult to determine
the exact outline of the coil. The coil is also 3 dimensional and has a thickness which
presents a further issue, because a microscope will focus on a plane. When the
microscope is focusing on the central plane the rest of the surface of the coil will be
blurred because it is off the focal plane.
Regardless of this difficulty, the operators at Boston Scientific inspect these
coils using 40x magnification microscopes. The human eye can spot defects even if
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the image is blurred. The problem with this manual inspection arises from the
subjective nature of the decision and with the fact that the 1.5m long coil being
inspected can contain up to 30,000 winds. The demand on the operator is such that the
shift for the coil inspectors is typically reduced to 4 hours.
This project investigates an alternative method to direct optical magnification,
for automating the inspection. The alterative method uses Fraunhofer diffraction,
producing a diffraction pattern where the magnified nature of the pattern means that it
can be more easily inspected and related back to the state of the actual coil itself The
basic diffraction procedure was developed by Charles Daly [5] in 2003, a mechanical
engineering student, who carried out his final year project in this area. Daly produced
some diffraction images and carried out some manual analysis on these diffraction
images. The rig that Daly [5] used to create the diffraction pattern is shown in Figure
1-10.
Lens focal
length
lOOnn

□

Loser

3

Canera
V-Stotfor Coil

Figure 1-10

Schematic of Charles Daly’s Rig [5]

Daly [5] produced Figure 1-11 which shows the established relationships between the
diffraction pattern and the coil. The image consists of layer lines with reflexions
(dots) along the layer lines. In Figure 1-11 the layer lines are horizontal. The
separation between these layer lines is inversely proportional to the pitch of the coil.
The wind angle of the coil is directly related to the X-angle of the reflexions on the
diffraction image.
Daly [5] also looked at the diffraction patterns from coils with gross defects.
Figure 1-12 shows the diffraction image of a perfect coil. Figure 1-13 shows the
diffraction image of a coil with a kink. The diffraction patterns are quiet different.
Figure 1-13 is so different that the relationships of Figure 1-11 are impossible to
recognise. For periodic structures the diffraction image is clear. For damaged, non
periodic structures, the diffraction image is blurry.
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Figure 1-11

Relationship between the coil and the diffraction pattern [5]

Figure 1-12

Diffraction image of a good section of coil [5]
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Figure 1-13

Diffraction image of a bad section of coil [5]

In this project the rig is modified and improved. The improvements are shown
in Figure 1-14. Further relationships to those developed by Daly [5] are established.
Figure 1-15 shows the relationships. In agreement with Daly [5] the layer line
separation is inversely proportional to the pitch (P) of the coil. The relative positions
of the reflexions along each layer line can be mathematically derived. These known
relative positions are multiplied by a factor c. This factor c is a result of the image
scaling and of the radius of the coil. The scaling factor of the system is worked out by
calibrating the system.
Two variables are then used in a calibration program which outputs the
physical size of the coil. The variables are the layer line separation and the Bessel
factor i.e. c from Figure 1-15. The theory shows that the layer line separation is
inversely proportional to the pitch of the coil. The Bessel factor relates the positions
of the reflexions in pixels, to its theoretical value as shown in Figure 1-15. Each
reflexion occurs at a different theoretical value. A modal routine gives the best
approximation of this factor, as a routine to calculate the mean would be affected if
the image analysis picked up a spurious point. The program must also inspect the coil
for defects. Large defects will distort the measurement significantly and the coil
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dimensions will be outside the design tolerance. Smaller defects add extra features to
the background of the diffraction image. A second program compares the acquired
image with a ‘perfect’ image of the coil. This produces a score which has a tolerance
for pass and fail inspection. The most basic rationale to do this is image subtraction.
Image subtraction simply subtracts the corresponding pixels values. Similar values
will have a small difference. The score produced is then a characteristic representation
of the difference.

GDC

Figure 1-14

Schematic of the improved rig
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Figure 1-15

Introduction

Diffraction image dimensions derived from [5], [6], [12]

In this project the image is automatically acquired and analysed by a
Lab VIEW program which outputs two variables to describe the diffraction pattern.
The program uses standard drivers to acquire the image from a CCD (the sensing
element in a digital camera). An example of an analysed imaged is shown in Figure
1-16. The program finds the equatorial axis, which is the blue line. Then it finds the
layer lines, highlighted by the yellow lines, and finally the position of the reflexions
along the layer lines which are represented by the indexed crosshairs. The images in
this project are rotated 90° to Figure 1-15 as the GDC coils will stretch if held
vertically, due to the flexibility of the platinum and the mass of the section.

11
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Figure 1-16

Analysed image
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1.2 Project Objectives
The aim of this project is to develop a fast, accurate inspection system for the high
volume production of precision coils used in minimally invasive surgery for the
treatment of brain aneurysms. (The inspection will use a highly innovative technique
to analyse the diffraction of laser light around these tiny coils).
Goals of research:
•

Optimise optical system (to produce diffraction pattern) and digital capture of
diffraction pattern.

•

Analyse mathematical (Fourier transform) relationships between diffraction
pattern and inspection subject.

•

Develop system for capturing the digital image.

•

Develop heuristics/algorithms for process/analysis of digital image for
inspection decision.

The final solution should have the following characteristics
Ability to detect selected defects consistently
Option to dimensionally measure coil if required
Fast inspection time (the time achievable will depend largely on the
quantitative inspection method chosen, but nonetheless is likely to be
limited by the rate of mechanical scan across the coil).
Easily integratable into the current production process.

The format of this thesis is as follows: Section 1 introduces the GDC coil and its
application; the problem is defined and the need for an inspection method using
diffraction is outlined in section 2; section 3 looks at the historical uses of diffraction
and relevant aspects of this knowledge are taken and used in the solution; the basic
diffraction theory is also introduced in section 3; the various components required are
outlined and evaluated in section 4; section 5 outlines the programs required and
section 7 develops these programs; section 6 describes the building of the rig; the full
rig is tested by inspecting all available coils and defects in section 8; section 9
contains the conclusions and recommendations for the project.
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2 Definition of the Problem
This section looks at the problem in its entirety, outlining the defects and how
current methods are not suited to an automated inspection. The source of all known
defects is also investigated. The effect that these defects have on the coil when it is in
use is discussed. The actual physical deformities are described along with a
description of how a system would be inspected for the defects. Preliminary
validation of the inspection is also presented.

2.1 Types of Defects found in GDC
The primary wind defects of a GDC fit into two main categories; wire defects
and form defects. The wire defects are as a direct result of inconsistent wire used to
form the coil. The wire that generally creates these defects has some flaws in it. Some
wire defects will occur, as the drawing die which produces the wire damages the
surface as the wire is drawn. Figure 2-1 shows such a defect, where some mill scale is
embedded by the die into the wire.

Ir
Figure 2-1

Surface peel on a GDC

This t3q3e of defect is undesirable and may create a stress concentration in the
wire. Figure 2-2 shows a section across a formed coil. The impurity is again mill
scale, where the mill scale flake is embedded into the wire, as shown by the red circle.
To make the primary wind, the wire is bent around a mandrel. In the presence of a
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defect, this process can cause a splinter to be formed, as the wire fractures due to the
stress concentration caused by the mill scale flake. The fracturing stops once the
direction of the crack is parallel to the wire axis.

Figure 2-2

Magnified surface peel defect on GDC forming wire

In Figure 2-2 the stress concentration is somewhat neutralised due to its
direction of propagation. A 3d model of this is shown in figure 1-9. Consider the case
where the direction of crack propagation is in the mandrel’s radial direction; in this
case the defect crack propagates inwards, and is thus called an inward crack. In
forming, the wire will bend as normal until the crack comes into the vicinity of the
mandrel. The section with the crack, due to the reduced cross-sectional area,
experiences greater stress than the section of wire bending on the mandrel. The
cracked section will bend rapidly. When the wire again comes in contact with the
mandrel, bending will continue as normal, as shown previously in Figure 1-10.
Form defects occur where the coil is damaged after forming. These can occur
where the coil gets kinked as it is taken off the mandrel. These are gross defects and
will cause the section to be stiffer. Figure 2-3 show two form defects. Another cause
of these gross defects is rough handling. The soft nature of the material means it can
be deformed using a small amount of force.

Figure 2-3

Defect a)

Defect b)
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2.2 The Impact of Defects on the GDC's Performance
The primary wind coil gets manipulated into its final shape and this shape is
annealed into the platinum. The platinum has this final shape in its memory, meaning
that the coil can be straightened but it will return to its original shape when it has been
released, provided it has not been plastically deformed. This new shape will become
what is known as the embolisation device. This will return to its annealed shape as it
is deployed in the aneurysm. The aforementioned defects will affect the device is
many different ways. The surface peel defect can make the movement of the device in
the microcatheter more difficult, but its worst effect is where it may puncture the
vessel wall in the aneurysm. The inward crack is the worst possible defect. In the
procedure, the constant movement of the catheter through the blood vessels will cause
cyclic stresses in the wire. These stresses are accounted for in the design process and
are normally negligible. The section containing the inward crack, with its stress
concentration, is now experiencing stress far in excess of this design stress. This may
also manifest itself as a total fracture allowing a section of the coil to flow out of
control through the blood vessel. Depending on the vessel being repaired, the piece of
the coil could flow almost anywhere in the body and start blood coagulation there.
The form defects tend not to be as serious. Form defects cause elevated stress levels,
but still well under the ultimate strength of the platinum. Figure 2-4 shows a device
which was perfectly annealed. The device was drawn into the catheter once and
pushed out once. The device was deformed once it was pushed out. The reason for
this was a slight kink in the primary wind. The induced stress in the kinked section
produced extra torsional stress on the wire which exceeded the plastic limit of the
platinum. This type of defect will result in the device being deployed off line and
unevenly, which is undesirable.

Figure 2-4

Formed double helix GDC
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2.3 GDC Inspection Procedure Considerations
The GDC coils are made of platinum, which has an extremely specular surface
resulting in significant reflection and potentially serious glare. This makes it difficult
to optically measure the coil with smart image detection methods. Another feature of
the coil is its 3D structure. Microscopes can only focus on a single plane. It is
impossible to focus on the entire curved surface with a single microscope. An
alternative method is required. Diffraction is usually considered to cause unwanted
interference, but a diffraction pattern is made up of interference directly related to the
size and shape of the obstruction causing the interference. Diffraction has been used
in industrial applications for many years, for example, in powder particle
measurement.

2.4 Features of Interest in GDC Inspection
To successfully incorporate diffraction into a measurement system, the validity
of diffraction must be proven. An issue which needs to be considered is how exactly
the diffraction mechanism addresses each type of defect. The gross form defects
exploit an important feature of diffraction. This feature can be summed up as follows:
When a diffraction pattern is created by a single feature, it can be mathematically
related to the feature. When two exact features create the pattern, the pattern becomes
sharper. This continues for periodic structures, the more illuminated features the
sharper the diffraction pattern will be. This is illustrated by looking at Figure 2-5
which is the diffraction pattern of 2 slits (on top) and 5 slits (at the bottom). The
separation of the slits is the same for both configurations. The Reflexions on the top
are larger and blurrier than those on the bottom which are clearer and sharper. Note:
the separation between the reflexions is mathematically identical. This is evident in
Figure 2-5.

Figure 2-5

Diffraction from 2 slits and 5 slits [2]
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A typical kinked coil is shown on the left of Figure 2-6. When a diffraction
pattern is produced from the kinked coil, the coil acts like two separate coils. The
section with the larger pitch of the kink causes a specific pattern and the smaller pitch
of the perfect coil causes a different pattern. Both diffraction images interfere with
each other producing a hybrid pattern. This is clear from one of Daly’s images [5] in
Figure 2-6. Notice the extra layer lines on the image. This is due to the coil behaving
like two coils.

Figure 2-6

Diffraction image of the kinked coil [5]

For the surface peeling and the inward cracking, one wind of the coil will have
a higher profile than the rest of the winds. This higher profile is different to the
periodic structure and, as before, this will superimpose the diffraction of the defect on
the coil diffraction image. Figure 2-7 shows the magnified image of an inward crack.
The defect is noticeable in the red circle.
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Figure 2-7

Magnified image of an inward crack

Figure 2-8 shows the diffraction pattern of the coil in Figure 2-7. Notice the
series of reflexions along the equatorial axis. Mathematically these extra reflexions
are the diffraction pattern of the inward crack section of wire i.e. the diffraction
pattern of a single wire. These extra reflexions represent sufficient interference in the
diffraction pattern to identify this type of defect on a go/no go basis.

Figure 2-8

Diffraction pattern of the coil with an inward crack

This section has justified the use of diffraction for the identification of defects. In
further sections the use of diffraction for measurement is introduced and justified.
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3 Theory behind Diffraction Measurement
3.1 Diffraction Phenomenon
When an opaque body is placed midway between a screen and light source, it
casts an intricate shadow. This shadow is made up of bright and dark regions around
the perimeter, quiet unlike anything one might expect from the tenets of geometric
optics. See in Figure 3-1 how the hand holding a coin casts a shadow directly on a 4x5
inch Polaroid A.S.A. 3000 film using a He-Ne beam and no lenses. In this image,
notice the fringing around the perimeter of the shadow.

Figure 3-1

The shadow of a hand holding a coin [6]

This phenomena was considered by Francesco Maria Grimaldi (April 2, 1618 December 28, 1663), who was an Italian mathematician and physicist who taught at
the Jesuit college in Bologna. He published a detailed study of this deviation of light
from the rectilinear propagation, something he called “diffractio”.
The effect is a general characteristic of wave phenomena that occurs whenever
a portion of a wavefront, be it sound, matter wave, or light, is obstructed in some way.
To fully understand how light will behave around an obstacle, a knowledge of light
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propagation is necessary. Classical mathematical analysis of light uses Huygens
Principle for light propagation.
For a simplified diffraction pattern of the GDC, a laser beam is incident on the
coil and the diffraction pattern is observed at a distance of 10 m. Figure 3-2 describes
this basic set-up and Figure 3-3 shows the image obtained on the wall. This was
capture by a simple digital camera.

Figure 3-2

Figure 3-3

Basic Diffraction set-up

Diffraction image of a GDC on a distant wall (10 m) at CIT
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3.2 Analysis of Diffraction
3.2.1 Basic Diffraction Mathematics
One of the first experimental uses of diffraction was an experiment carried out
by Thomas Young to show that light was in fact a wave phenomena. This was carried
out with a single monochromatic light source illuminating two slits on a card. The
experiment was a basic physical set-up which demonstrated wave interference, both
constructive and destructive. A simple representation of the set-up is shown in Figure
3-4. A laser beam is used instead of Young’s sodium lamp. The laser beam is incident
on an opaque shield S with 2 slits. The resulting diffraction pattern is projected on a
screen o. The pattern consists of a series of dots along a line. These dots on the
diffraction pattern are referred to as reflexions. One reflexion is examined in Figure
3-4. This analysis is simply done by tracing the paths from the reflexion back to each
slit. At a point of full constructive interference i.e. a bright spot, the distance from
each of the slits to the reflexion will differ by an integer factor of the wavelength, X.
When the waves differ by one full wavelength, the relative amplitudes are added. The
resultant wave addition will have the sum of the amplitudes of the waves with the
same wavelength. When the waves differ by half a wavelength the waves are still
added but the relative addition adds positive peaks with negative troughs. This
addition causes a wave with zero amplitude. This is represented by the dark regions
between the reflexions.
Because the reflexion examined in Figure 3-4 is the first reflexion, the integer
factor of the length difference is 1. The distance from the centre point of the two slits
to the reflexion is R. The distance from the reflexion to the further slit is R+ Vi X and
distance from the reflexions to the other slit is R- Vi X.
Recap: constructive interference is found wherever the two sources meet on
the screen in phase i.e. the path length difference is an integer factor of the
wavelength. Destructive interference occurs where the two waves meet 180° out of
phase. This means the path lengths differ by an integer factor plus Vi wavelength.
A single slit will also produce a diffraction pattern where the edges of the slit
act as individual sources. The separation between the reflexions on the diffraction
pattern is dependant on the wavelength of the light, X, the width of the slit, D, and the
distance between the screen and the slit, L.
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For mathematical analysis of the diffraction pattern, a suitable variable must
be chosen to describe the pattern. The electric field strength is the most commonly
used variable to describe the electrical disturbances in a volume. In the case of light
the human eye detects Irradiance i.e. the brightness. The irradiance detected by the
human eye is the complex sum of the electrical field. This is mathematically
equivalent to the square of the electrical field, so the Irradiance at an angle is

Figure 3-4

Diffraction with 2 slits
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The equation describing this distribution is
l{9)= l(0)Sinc^{fi)

Equation 3-1

[6]

where
0

is the angle of interest,

i{e)

is the irradiance at an angle 0 from the x-axis on the x-y plane.

/(o)

is the irradiance at an angle 0 from the x-axis on the x-y plane i.e. the
origin

Sine13

sin

(kD^

.

— sm^

I2J
'In

T
X

Wavelength of light

D

separation of the slits (from Figure 3-4)

Using the following substitution for the irradiance at the centre point
Equation 3-2

L

[61

where
8l

Source strength per unit length

L

Distance from screen a to the slits on I

it is common to represent the complete distribution in terms of its central strength.
When the diffraction pattern is observed, the actual strength of the reflexions is not of
importance and tells nothing of the geometry. It is the positions of the reflexions that
are dependant on the physical sizes. This is the most interesting feature of the
diffraction pattern. The fluctuating term determines these locations.
Babinet’s Principle is a theorem that states that the diffraction from an opaque
body is identical to that from a hole of the same size and shape, except for the over all
beam intensity [2].
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This means that a single slit diffraction pattern is the same as that of a wire
with a diameter equal to the slit width. Consider Figure 3-5 where the two slits on E
are replaced with a wire. Again the laser beam is incident from the left.

Constructive
interference
Length

Figure 3-5

Diffraction from a wire

1(0) is the only difference in this distribution.

3.2.2 Different Types of Diffraction
This section shows the difference between Fraunhofer and Fresnel diffraction.
Again, there is a light source, S, an opaque shield, X. and an observer plane, o. For
the moment, consider the set-up in which the screen, a, is very close to, X- Under
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these conditions, an image of the aperture is projected onto a but with a little fringing
at the perimeter, similar to Figure 3-1. As the screen a moves further away from
the image of the aperture is still easily recognisable, but the fringing becomes more
structured and prominent. The diffraction being experienced here is Fresnel or ‘near
field’ diffraction. As o moves further from

Y,, the image will spread out considerably

eventually bearing no resemblance to the original shadow. Any further movement will
not affect the shape of the pattern, just the size. In this region, the diffraction being
experienced is known as Fraunhofer or ‘far field’ diffraction. The condition required
for Fraunhofer diffraction is

Pi «1

Equation 3-3.

Jl
Where

D

is the size of the aperture

X

is the wavelength of light incident on the aperture

L

is the distance from the aperture to the screen

17]

Examining this condition, it is clear that L must be large or D must be small to
overcome the wavelength of light to yield a value of less than 1. For Fraunhofer
diffraction, it is necessary to observe the schematic shown in Figure 3-6
As seen in Figure 3-6, a practical realisation of the Fraunhofer condition, in

Y- This is achieved by placing
and Y’ with its focal plane at S,

Equation 3-3, is where S and o are very far away from
lenses into the system. One lens is placed between S

to create planar waves from a light source emitting spherical waves. Another lens is
placed between

Y

^tid o with its focal plane on the screen o. Figure 3-7 shows the

proposed optical set-up.
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Figure 3-6

A typical diffraction set-up, shown is Fraunhofer diffraction

Lens2
Figure 3-7

System with lens
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In light of the condition outlined in Equation 3-3, the distribution described in Figure
3-4 can be reduced in complexity. As the distance between 1 and o, i.e. L, is very
large, the angle 0 is small. This means that

R^L

Therefore sin ^ = —
T
This is valid only for small angles, typically used for angles less than 5°

3.2.3 Diffraction Pattern Created by a Circular Aperture
The set-up in Figure 3-4 and Figure 3-5 is maintained for this section, except
that the shape of the aperture is now a circle. Figure 3-8 shows the circular set-up.

dS

Figure 3-8

Set-up with a circular aperture [6]

Equation 3-4 is the expression of the field distribution from a circle aperture,
according to Hecht [6]. This description uses polar co-ordinates. The field Irradiance
at point P is given by
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kaq
R
kaq
R

[6]

Equation 3-4

where
is the Bessel function of the

order,

Sa

source strength per unit area

A

is the area of the aperture

R

is the distance from the aperture to the point P on o

a

radius of the aperture

q

distance from the point, P, on the screen, a, to the origin of the screen

o
co-ordinates of the central point of the screen

A plot of Equation 3-4 creates an ideal diffraction image for a circular
aperture. This pattern is known as an ‘airy disk’. Figure 3-9 shows the ideal airy disk
which obeys the rule in Equation 3-3. This ensures that the pattern created is a
Fraunhofer diffraction pattern.

Figure 3-9

Plot of Equation 3-4

As in section 3.2.1, the irradiance may be given in terms of the central irradiance.

I=

/(o)

2^1

(kasmO)

Equation 3-5

ka sin 0
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3.2.4 Fourier Mathematics for Diffraction Analysis
According to [6], the diffraction pattern of an aperture is the Fourier transform
of the aperture. A sketch of an arbitrary aperture is represented in Figure 3-10.

The general geometric solution for the electric field of an arbitrary aperture is
ik{Yy+Zz)

E(Y,Z)=\2\A(y,z)e

*

dydz

Equation 3-6

[6]

Equation 3-7

[6]

A general 2D Fourier transform is equated by
F{Y,Z)=^_^^f[y,z)e

^

= 3(/(y,z))

Therefore
l{Y,Z) = {E{Y,Zf
l{Y,Z) = (:i{A(y,zW
Where the coordinates X,Y,Z are the coordinates in Fourier space.
This approach modifies the results of section 3.2.3. These results are in real space.
The Fourier space co-ordinate system is shown in Figure 3-11.
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Figure 3-11

(a)
(b)

Cartesian (x,y,z) and cylindrical-polar (r,(p,z) co-ordinates.
Corresponding co-ordinates of a point in Fourier space.

The diffraction image in Fourier space of a circle is quoted from [6] as

F{R)=2m‘

Equation 3-8

R.a

[6]

where
R

is the distance from the origin of the observer plane to the point of
interest in Fourier space

a

is the radius of the circular aperture

Ji

is the Bessel function of the first order.

The observer plane which produced the real space diffraction image is now in Fourier
space and shows the image of the Fourier transform on the Y,Z plane. Fourier space is
used as the Fourier transform simplifies the diffraction mechanism.

3.2.5 Diffraction Pattern Created by a Helix
The first paper of use and thought to be a valid starting point was a paper by
Conosortini, entitled ‘Diffraction and Fourier Optics, the Mathematics Required’ [7].
Although not specifically tailored to any geometry, it gives a great insight into the
mathematics of diffraction. The purpose of this paper is to “suggest the mathematics
needed by optics students for both understanding and working with diffraction and
Fourier optics.”
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This paper assumes that the student has a medium to high level of mathematical
knowledge. Two theories on the propagation of light are mathematically supported;
the Huygens-Fresnel principle and the Helmholtz-Kirchhoff theory. The mathematical
treatment of the Huygens-Fresnel principle analyses the diffraction of a slit. The
nomenclature used in this paper is slightly different to that used in [6].
The second theory covered in this paper is the Helmholtz-Kirchoff theory.
This theory applies Green’s methods of deriving the field at a point, P, in a volume.
This is the general approach to solving electromagnetic problems. As light is an
electromagnetic phenomenon, it can be applied to the diffraction problem.
Diffraction was used in the early stages of deciphering the true shape of DNA.
Lucas provides a guided tour through the discoveries which lead to the determination
of the molecular structure of DNA in her paper entitled ‘Rosetta stone of the genetic
language.’[8]. As previously mentioned, diffraction was used by Thomas Young to
demonstrate the wave nature of light, by means of the famous two-slits experiment.
Von Laue then used X-rays for diffraction in 1912 and Braggs followed suit in 1914.
They did this to demonstrate that X-rays were in fact electromagnetic waves. They re
enacted Young’s experiment at an atomic level, with the x-ray diffraction of an
atomic lattice. This was first carried out by using inorganic material, but then
scientists moved onto biological samples where Pauling [9] suspected that the
biological matter had a helical molecular structure. Images obtained by Franklin and
Gosling proved this with mathematical estimations from Stokes [Unpublished].
Cochran and Crick published a paper in 1952 [10], which published the equation for
an atomic helix and discussed the existence of the a helix. This paper also compared
the results published in [9] with the results obtained by Bamford [11]. A further
publication by Cochran and Crick, in association with Vand [12], discusses the
structure of synthetic polypeptides. In the opinion of this author, [12] is possibly the
most useful paper reviewed. In section II of the paper, the authors outline the Fourier
transform of a uniform helix. As previously discussed, the Fourier transform is the
Fraunhofer diffraction pattern. The GDC coil is in fact a uniform helix, similar to
what was discussed in [12].
Section 3.2.4 showed how the diffraction pattern of an aperture is the Fourier
transform of the aperture. The Fourier transform of a uniform helix is the
mathematical starting point for determining the structure of synthetic polypeptides
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[12]. The helix is described by the set of equations outlined in
Equation 3-9.

(Inz
X = r cos ~y
y = r sin

Inz^

Equation 3-9

[12]

z=z

The transform is now that of a 3D structure, as seen in Figure 3-12. As shown
in section 3.2.4, the irradiance of the diffraction pattern is the Fourier transform
squared. The location of the reflexions is at the maxima and minima of the Fourier
transform of the aperture. The aperture in this project is a helix.
The Fourier space co-ordinate system is shown in Figure 3-11. According to [12] the
value of a Fourier transform of a helix, at a point in Fourier space is
1 I il/+-

3|

=

Equation 3-10

where
=X^
tan

X
=—
Y

m

is an integer.

P

is the helix pitch

r

is the radius of the coil

i
The irradiance of a diffraction pattern is

^1

A
p

)

(

3
1 1

P))

A plot of this yields Figure 3-13.
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Figure 3-13

LabVIEW plot of the Equation 3-10
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Comparing Figure 3-13 to the image obtained by Franklin and Gosling, Figure 3-14, it
is clear that the main features of both are similar. This is the x-ray diffraction image
of a P-dna helix with a pitch of 34 angstroms and a radius of 10 angstroms. The P-dna
is an atomic structure with the atoms placed every 3.4 angstroms along the helix.
Comparing this again to Daly’s [5] findings, as shown in Figure 3-15, a satisfactory
correlation between the mathematical result and the laboratory result is evident from
the reflexions on layer lines and forming an X-pattem. Section 3.2.6 describes, in
more detail, the features of the diffraction pattern.

Figure 3-14

X-ray fibre diffraction diagram of p-dna.[2]
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Figure 3-15

Diffraction image of a helical wire [5]

3.2.6 Basic Relationships Between the Coil and Diffraction Pattern
The basic relationships between the diffraction image and the coil will now be
examined. These relationships will form the basis for an inspection system to measure
the coil parameters. The diffraction image is formed by Equation 3-10.

3l

m

=

The resulting diffraction image is in Fourier space. The real world diffraction image is
not in Fourier space. The shape of the real diffraction image is equivalent to the
projection of the Fourier transform on a plane perpendicular to the laser beam. Recall
the Fourier space coordinate system from Figure 3-11.

The diffraction has two axes of symmetry. The origin is at the centre of the bright
central reflexion. From Equation 3-10, the diffraction image is confined to Z values of
Tn

—, where m is must be an integer. This results in lines of intensity on the image.
These are known as layer lines. As seen above, m is an integer value and is also the
order of the layer line. Figure 3-16 shows an inverted image of Equation 3-10. The
layer lines are highlighted with red lines.
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Layer lines

For the inspection of the coil, the location of the layer lines in Fourier space (Z) will
be known and the order of the layer line will be known. These will allow the pitch of
the coil to be calculated using Equation 3-11.
Equation 3-11

The Bessel function describes the reflexions on these layer lines. The locations
of these reflexions correspond with the maxima and minima of the Bessel function.
Recall Equation 3-10.

Examining the equation, the c ^

Ms simply a decaying term. The J^\l7iRr) term

causes the fluctuation of the expression. The location of the reflexions is determined
from the maxima and minima of this term.
Recall
m

is the order of the layer line

R

is the position of the reflexion in Fourier space

r

is the radius of the coil.

The maxima and minima of the Bessel function occur at known values of the Bessel
variable u.
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Therefore for the inspection, if the Bessel variable is known and the position of the
reflexion is known in Fourier space, then the radius of the coil can be calculated from
Equation 3-12.
r=

u

Equation 3-12

ItzR

The mathematical relationships between the diffraction image and the coil have been
established, they require the Fourier space co-ordinate to be known. This requires the
diffraction image in real space to be related to the Fourier space co-ordinate. This can
be achieved by an image calibration. The key to the inspection and measurement of
the radius of the coil lies in knowing the Bessel maxima variable and the reflexion
position in the image. On the other hand, the layer line separation relates to the pitch.
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3.3 History of Diffraction Theory Applications
Crick expanded the concepts of [12] in 1953 in a paper called ‘The Fourier
transform of a coiled-coil ’ [13]. Mathematics in this paper yielded equations for the
pattern generated by such a set-up. The Fourier transforms in this paper gave a greater
insight into dealing with aperture functions.
Watson and Crick’s paper entitled ‘Molecular structure of nucleic acids’[14]
proposed a new structure but also declared that the information from previous work
was not rigorous enough. This opinion is of interest to this project, as it will give an
indication of diffraction image

analysis

which

is

sufficiently rigorous.

A

communication to ‘Nature’ from Wilkins, Stokes and Wilson [15] describes further
evidence for the helical structure of deoxypentose nucleic acid. This paper gives a
great insight into deciphering the information from the diffraction image.
Franklin and Gosling explain in their communication to nature [15] the two
different stmctures obtained due to moisture content. This paper contains no new
method but the mathematical analysis is applied directly to a diffraction image. This
paper shows the correct method to relate the picture to the mathematics. Watson and
Crick had a further communication with ‘Nature’ [16], which addresses the
discrepancies in [13] by chemically analysing the sample to show the different
constituents and the different molecular sizes. This accounts for some of the fainter
layer lines.
The last paper of interest in this series, from a diffraction pattern deciphering
stand point, is Franklin’s paper to ‘Nature’ entitled ‘Evidence for 2-chain helix in the
crystalline structure of sodium deoxyribonucleate’ [17]. The separation between the
two helices is considered. This provides intimate knowledge of the diffraction
mechanism. Crick sums up the findings very simply in ‘The Complementary Structure
of DNA’ [18]. This paper addresses all the changes in opinions and outlines all the
developments leading to the widely accepted idea at the time the paper was published.
The above paper gives a great overview of how to extract valuable data, but
most of the work from here on seems to focus more on the atomic aspect and
determining the size and composition of the atoms. Further information gained on the
atomic analysis does not aid GDC Coil inspection. Attention is now turned to the
automated inspection by a computer.
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Cochran and Douglas describe in a paper called ‘The Use of a High-Speed
Digital Computer for the Direct Determination of Crystal Structures’[19] the criteria
for a program to determine the crystal structure. The crystalline structure need not
necessarily be of atoms arranged on a helix. Their high speed digital computer,
EDSAC, is also not fast by today’s standards; it used mercury delay lines for memory,
and vacuum tubes for logic. Input was via 5-hole punched tape and output was via a
tele-printer [2]. This paper is useful to demonstrate a method of determining the true
structure of a sample, from its diffraction image, using a very basic machine. Modem
computers can handle much more processing than EDSAC. What requires the most
processing power is the part that Cochran skips over; obtaining the data from the
diffraction image. The data that Cochran used for the acceptance method is obtained
from an analogue computer called the XRAC.
Maniloff gives an excellent account of how to acquire the diffraction image on
photographic film in his paper, ‘Analysis of the helical ribosome stmctures of
Mycoplasma gallisepticum’ [20]. He optically diffracts the fibres and compares the
results to electron microscopy results. This paper gives one of the best descriptions of
the rig to create the diffraction pattern and also explains how to read the image from
the film. The measurements are directly applied to the theory from [12]. Although the
GDC coil application uses the more basic equation from [12], the method applied to
the measurement is very relevant.
The proposed system of calibration for diffraction measurement devices, is to
insert a pinhole into the system and to analyse and record the resulting diffraction
image. The image produced is known as an airy disk. In terms of accuracy, an
improvement can be achieved. By its nature, diffraction will provide crisper clearer
images when it is applied to a periodic structure, but care has to be taken with these
results. If one pin-hole is used, the error in the diffraction is heavily dependant on the
accuracy of that pin-hole. Yang, Hwang and Han offer a quick and precise method to
analyse the blurring generated by the translation effect of a small aperture in their
paper, ‘Diffraction limit for a circular mask with a periodic pinhole array’[21]. This
paper deals with both Fresnel and Fraunhofer diffraction regimes. It provides useful
mathematics for analysing the image and evaluating the average pin-hole size in the
array. This may be outside the scope of this project, but the percentage error in the
results will decide whether further projects will need to consider the method.
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A program has been developed by Knupp and Squire to generate the fibre
diffraction pattern of helical structures in their paper called ‘HELIX: a helical
diffraction simulation program’ [22]. This program is designed as a teaching aid to
illustrate the nature of helical diffraction patterns and how these patterns change as a
function of the different parameters which define the symmetry and size of the
structure. It is also intended to be useful to those carrying out preliminary tests of
possible interpretations. This program uses the concepts and equations from [12] with
the suggested improvements from [23].
Shlyakhtenko has published a few papers with industrial applications of
diffraction, for measurement purposes. [24] and [25] carried out a study of the
Fraunhofer diffraction pattern created by He-Ne laser light incident on a thread using
a laser-thread-screen set-up, similar to Figure 3-2. The screen was 10m from the
thread and Shlyakhtenko determined that the pattern was dependant on the twist of the
thread. This is in agreement with the equations from [12]. [26] and [27] look at the
difference in the diffraction patterns when diffracting an even or odd number of
periods. With threads, the periods are so large that the difference between an odd or
even number of periods will impact the diffraction pattern. This characteristic will not
affect the GDC coil, as its number of illuminated winds lies outside the criterion
stated in [26]. [28] is a patent for a proposed method to measure parameters such as
the amount of twist and to determine whether the number of periods being diffracted
is odd or even. It also proposes, in this method, to measure the thread’s crosssectional size and its velocity past the laser. [29] presents the calculations to explain
the differences in the diffraction patterns noticed in [26] and [27]. [30] Performs more
rigorous mathematical analysis on the thread profile, where it is assumed that the
thread is perfectly opaque. This paper also applies the Scalar Theory which was
explained in [7].
[31] carried out an experimental study of the Fraunhofer diffraction from a helical
wire as a function of its stretch. This demonstrated the difference in the diffraction
pattern by increasing the wind angle and the pitch and also by decreasing the outer
diameter. [32] Explains how to monitor the geometric parameters of a moving twisted
thread. This paper places emphasis on the justification of using Babinet’s Principle.
The even and odd issue is also addressed with examples of the patterns produced from
each.
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Each of these papers has been studied in detail and relevant knowledge will be
applied to the GDC automated inspection program.
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3.4 Industrial Diffraction Applications
3.4.1 Biological Applications of Diffraction
The most famous application of diffraction on the biological front, came in the
determination of the DNA structure. Franklin produced the first pictures of x-ray
diffraction (1951). Figure 3-14 is in fact the first published diffraction image of
organic material.
These images were used to aid Cochran, Crick and Vand to publish a paper,
which justified their postulation of the shape of DNA as a helical form [12]. This
aided Crick and Watson in building their model of DNA [14]. Stokes’ considerable
understanding of x-ray diffraction led to his realisation of the helical structure of
DNA. In fact, Maurice Wilkins had set him the task of working out what a helical
structure would look like as an x-ray diffraction photograph. His brilliant mind was
able to work this out through mathematical calculations in only a few hours during a
train journey [2]. Whilst Crick and Watson were describing the 3-dimensional model
they had built, Wilkins, Stokes and Wilson were publishing an article describing the
experimental evidence for this structure [15]. All three papers (including one by
Franklin and Gosling [33]) were published in ‘Nature’ during April 1953.

3.4.2 Research into Techniques to Create Diffraction
Diffraction uses interference of multiple oscillators. These are usually
oscillators from a common source, which take different paths to the final point.
Diffraction analysis techniques exploit the spread of radiation. In chemistry, the
diffraction is usually generated from large numbers of sites, from atoms, groups of
atoms and molecules. These mainly occur in crystalline material.
A crystal is constructed of atoms or molecules arranged in a regular pattern in
space. It is this regularity which is responsible for diffracted beams. If the
arrangement of atoms was random, the scattered beams would randomly add together
and also randomly cancel each other out. They would not reinforce each other in any
direction to give a structured diffraction pattern [34]. The diffraction pattern produced
will have a random structure which is not possible to relate back to the material. There
are various techniques currently employed which create diffraction patterns.
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3.4.3 Capturing the Pattern
A diffraction pattern may be captured in many different ways, "omas Young
demonstrated that light was a wave phenomenon, by simply using a stant wall to
capture the projection from two slits as in Figure 3-6. This was infa<a diffraction
pattern of the two slits he had illuminated. This simplified approach n be used to
create the diffraction pattern for the GDC. In Figure 3-3, the image vajaptured by a
simple phone camera. This type of image capture is adequate for dennstrating the
geometry of the pattern, but is unacceptable for measuring the patterrAlso, having
the image capture components 10m from the component makes th.s h bulky for a
modem production area. Figure 3-7 shows how to achieve Fraunhofer cfraction with
a smaller rig using lenses.
When the beam is too bright for the measuring element, the brht centre can
be excluded as it only gives information on the location of the origin^hotographic
film has been used in many diffraction set-ups, with a shutter mecaarm to control
exposure time.
The most common method of capture appears to be ar. aay of photo
detectors. In many industrial applications, where the typical strengti a3ach point in
the spread is known, the pattern capture array will contain photo detects of different
strengths to match up with the spread intensity. This cuts down on e processing
required afterwards.

3.4.4 X-ray Diffraction Application
In 1895, the German physicist, Roentgen was studying tfrfluorescence
produced by cathode rays (electrons) when he discovered a form of higy penetrating
radiation which he termed “x-rays”. Through subsequent experimentdie and other
researchers demonstrated that these x-rays possessed the ability tc petrate matter
differentially, as a function of density and elemental composition. Thipromptly led
to the widespread use of x-rays for observing the internal stmcture cf \ious objects,
including the human body. Progressive improvements in x-ray technogy over the
past century have greatly expanded the uses and capabilities of x-v devices as
analytical tools [2].
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X-ray diffraction is used extensively for analysing the re and properties
of solid materials. X-ray diffraction may be applied in a numways depending
upon the thickness and form of the sample and the specific desired. Figure
3-17 illustrates a typical configuration of a diffraction systemis example, the
primary beam from the target of the x-ray tube emerges from ichine through a
collimator and strikes the sample, which diffracts it in a chaitic manner. The
diffraction pattern is measured with a radiation detector.

Figure 3-17

Schematic diagram of x-ray diffractorS]

T

x-ray tube target;

B

slit

C

collimator assemblies;

S

sample holder;

D

x-ray detector;

G

Goniometer scale graduated in degrees.
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3.4.5 Particle Sizing Application of Diffraction
Laser diffraction technology, a proven and robujt particle measurement
technique, is the standard in most particulate processing indistries where particle size
is important. Light from a laser is shone into a cloud of parlcles (e.g. cement) which
are suspended in a transparent gas (e.g. air). The particles scatter the light, with
smaller particles scattering the light at larger angles thin bigger particles. The
scattered light can be measured by a series of photo detectors placed at different
angles. This is known as the diffraction pattern for the sampe. The diffraction pattern
can be used to measure the size of the particles using the Ight scattering theory that
was developed in the early 20th century by Mie [36]. As the instrument measures
clouds of particles, rather than individual ones, it is kiown as an "ensemble"
technique, with the advantage that at smaller sizes (e.g. 1( microns), the system is
measuring literally millions of particles which gives some statistical significance to
the measured results. Figure 3-18 and Figure 3-19 show hov diffraction measures the
particles.

Figure 3-18

Typical Partial diffraction set-ip [36]
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P^wpr

Figure 3-19

Schematic of the partial diffracip (36)

The most widespread use of powder diffraction le identification and
characterisation of crystalline solids, each of which prodiistinctive diffraction
pattern. Both the positions (corresponding to lattice s) and the relative
intensity of the lines are indicative of a particular phasoaterial, providing a
"fingerprint" for comparison. A multi-phase mixture, e.^l sample, will show
more than one pattern superimposed, allowing for lination of relative
concentration [36].
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3.5 Theoretical Requirements for Image Analysis
3.5.1 Introduction
Digital images are made up of many small elements called pixels. Image
analysis is carried out on the image to extract information from the image. In this
application the goal of the image analysis is to find the location of all the reflexions
on the image. A typical diffraction image is shown in Figure 3-20.

Figure 3-20

Diffraction image

The features to find the locations of these reflexions are outlined here. The steps in
image analysis to find these locations are
Find a datum
Minimise the effect of noise
Find the centres of the reflexions

3.5.2 Find a Common Datum for the Diffraction Images
The origin of the image is the centre of the beam. This is the brightest portion
of the image. The features necessary to find this point are an image threshold and
centroid. The image threshold will block out all pixels below a specified value on a
brightness scale. This will only leave the pixels above this value. In the diffraction
image, the region which will be left is the undiffracted laser beam. A centroid of this
area is the centre of the laser beam; this is the image datum.
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3.5.3 Minimising Noise from the Image
In this application noise is, for the most part, small and random. A well known
feature to eliminate this small random noise is called an “open”. This consists of an
erosion feature followed by a dilation feature applied to all particles. The erosion will
erode the outer pixels off the reflexion to a specified depth. The dilatation will replace
the pixels lost in the erosion onto a reflexion. Dilation will only take place on
reflexions which have not been completely eroded. The small random speckles will be
completely eroded so that there is no particle left for dilation. The more noise that is
eliminated, the easier further processing will be. Clever processing can figure out
which clusters of pixels represent noise and which represent a reflexion.

3.5.4 Centre of Reflexions
The centroid feature will again be used on the particles to find their centres. The
pixel nature of the image means that the calculated location of the centres of the
reflexions will be a pixel value approximation of the real image. This impact is
reduced by averaging the locations over many reflexions and also by having larger
reflexions.
The basic image analysis covered here introduces the basic features required for
obtaining information from the image. More features are introduced in the solution
development.

3.6 Image processing
The nature of the diffraction image has already been described in section 3.2.6.
Features of the image and its relationship with the coil have been outlined. These
features are the layer line separation and the position of the reflexions on the layer
lines. Section 3.3 shows how to find co-ordinates for the reflexions. When all points
are found, they are given co-ordinates relative to the origin of the diffraction image.
This allows co-ordinate geometry to be used to determine distances between points
and other interesting measurements. This ability is very useful on the diffraction
image to extract the information stored in the image.
Once these are found, it is necessary to process the data contained by these
coordinates, thus analysing the underlying diffraction pattern. This section introduces
the tools to do this.
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3.6.1 Hough Transform Method for Finding Co-linear Points
A Hough Transform is an image analysis technique that shows points that lie on the
same line. It is based on the fact that a line joining two or more collinear points lies a
distance p at an angle 6 from the origin, see Figure 3-21. A line in the x-y plane can
be parameterised by the function

p = X cos ^ + y sin ^
For each point

Equation 3-13

in the x-y plane, the sinusoidal curve in the p-O plane is

calculated. If the points are collinear, the intersection of the sinusoids occurs at point
{p,0).

Figure 3-21

Hough Transform of collinear points

In practice, a py.6 array is set up and the value of an element of this array is
incremented for each calculated sinusoid which passes through it. Where many
sinusoids intersect that element, the value of that element is large and can easily be
detected. One obtains from this method line angles and line separations, which are
needed for the calculation of the pitch and radius of the coil. Disadvantages associated
with this are that the points are located by varying p and 9 in incremental steps; large
steps will reduce the computational time, but will also reduce the accuracy. These steps
can be too gross to elicit the fine detail. Applying the Hough transform to the locations
of the reflexions of Figure 3-20 will yield the transform shown in Figure 3-22.
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Figure 3-22

Theory

Hough transform of a diffraction image

Examining the transform, it can be seen that points that lie on top of each other
in the Hough transform will be co-linear in the real image. Ordering the data will
show which pixels lie on the same line. A tolerance will allow for slight differences in
the location of the reflexions due to the pixel nature of the image.
The goal of image processing is to take the information which is present in the
diffraction image and process it to provide inputs for the mathematical relationships
discussed in section 3.2.6.

3.7 Conclusion
This section presents the mathematical representation of diffraction images.
These help to deduce the relationships between coil and the diffraction image. The
basic principle for the inspection system, to measure the coil parameters from the
diffraction pattern, is outlined. The need for a calibration to relate the real world
dimensions to the Fourier space dimensions is justified. These principles are
incorporated into a program to automatically inspect the diffraction pattern which will
measure the coil.
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4 Optical components
4.1 Introduction
As shown in section 3.2.2, the set-up needs to create far hid diffraction in a
reasonable lab-sized experimental rig. This will require the use of ptical components.
A simple look at the main features of a lab system is the chosen strting point.
Any system to demonstrate diffraction requires a light soure. The light source
can emit light with a spherical wave front or plane wave front, ht the object being
diffracted requires light with a plane wave front to be incident o it. The shape and
size of the light incident on the coil is a characteristic which bould be optically
controllable. Waves emitted from a point light source, which is pherical in nature,
will approximate planar waves at a large distance. In real situatios, a distance of 10
meters will more than suffice. The rig to inspect the coil cannot b 10 meters long, so
the spherical waves must be corrected optically.
The Fraunhofer diffraction regime requires the observation creen to be a large
distance from the object which creates the diffraction pattern.Using a lens, the
Fraunhofer diffraction image can be observed at distances whei there is normally
Fresnel diffraction.
The brightness of the light reaching the image sensor is anther feature which
should be optically controllable. This will be achieved using neutn density filters and
controlling the output of the light source, often a laser.
This section will explain the fundamental operation c the components
necessary for a working rig. Figure 4-1 shows the basic set-up of aliffraction rig.
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screen

Light
Source

Figure 4-1

The different components required for this rig are:
1

Light source

2

CCD

3

Lenses

4

Iris

5

Neutral density filter

6

Pinhole

7

Prisms

These are described further in the next few sections

4.2 Features of Light Sources
The diffraction pattern created is dependant on thagth of the light being
used; this makes the diffraction very distinct if thoeing used is mono
chromatic. If the light is not monochromatic the diffracem can be blurred or
not recognisable at all. For a light source which is a poi;, the waves should be
created from a single point; a filament bulb won’t \ll as it is not mono
chromatic and the light source is a line, not a point. If at bulb could be made
monochromatic and used, the diffraction pattern creuld be far from the
mathematical prediction, as the linear source would dibr to the object. If the

53

Optical components

Precision Coil Inspection

filament bulb was sufficiently far away from the object, the waves would be planar
and may create a pattern. A better source is to use a laser and popular laser beam
sources include helium-neon lasers and diode lasers.
Helium-Neon Laser.
A helium neon laser creates a narrow beam with planar waves; these are mono
chromatic but require the tube to warm up. In this warm up, the tube changes length
due to thermal expansion. This directly affects the wavelength of the light emitted.
This is a serious concern as diffraction is heavily dependant on the wavelength. A
helium-neon laser, usually called a HeNe laser, is a type of small gas laser. HeNe
lasers have many industrial and scientific uses. A typical He-Ne is shown in Figure
4-2 with the required power source. Figure 4-3 shows a schematic of a He-Ne laser.
Figure 4-4 shows an operating He-Ne with a glass outer tube. The illuminated laser
bore tube is very clear in this image.

Figure 4-2

Laser
oiftjnft

Uni-phase Helium Neon laser and power source

('athoiU

Anode
lleliuuHieon ^as reservoir
Laser bore tube

Output
coupler
Figure 4-3

Glass enxehfye
Schematic diagram of a helium-neon laser [2]
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Figure 4-4

optical components

A HeNe laser demonstrated at the Kastier-Brossel Labortory at Univ. Paris 6.

The gain medium of the laser is a mixture of helium and n;on gases in a glass
envelope. The energy, or pump source, of the laser is providd by an electrical
discharge of around 1000 volts through an anode and cathode at eich end of the glass
tube. A current of 5 to 100 mA is typical for operation. The opticd cavity of the laser
typically consists of a plane, a high-reflecting mirror at one end o' the laser tube, and
a concave output coupler mirror of approximately 1% transmissioi at the other end.
HeNe lasers are typically small, with cavity lengths of around 15 .m up to 0.5 m, and
optical output powers ranging from 1 mW to 100 mW. Tht precise operating
wavelength lies within about 0.002 nm of the nominal value, aid fluctuates within
this range due to thermal expansion of the cavity.
The laser process in a HeNe laser starts with the collision of electrons from the
electrical discharge with the helium atoms in the gas. This excitjs helium from the
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ground-state to the metastable excited states. Collision of the excited helium atoms
with the ground-state neon atoms results in transfer of energy to the neon atoms,
exciting neon electrons. This is due to a coincidence of energy levels between the
helium and neon atoms.
The number of neon atoms entering the excited states builds up as further
collisions between helium and neon atoms occur, causing a population inversion. The
spontaneous emission of 632.82 nm wavelength light, is the typical operating
wavelength of a HeNe laser. Figure 4-5 shows the spectrum of light emitted from the
He-Ne. Because the neon upper level saturates with higher current and the lower level
varies linearly with current, the HeNe laser is restricted to low power operation to
maintain population inversion.

Figure 4-5

Spectrum of a helium neon laser showing the very high spectral purity.

Compared with the relatively broad spectral emittance of a light-emitting
diode a He-Ne has very high spectral purity. With the correct selection of cavity
mirrors, other wavelengths of laser emission are possible, including a green (543.5
nm, the so-called GreeNe laser), a yellow (594 nm) and an orange (612 nm)
transition. The typical 633 nm wavelength results in red output of a HeNe laser.
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The visible output of the HeNe laser, along with its ejent spatial purity,
make the HeNe a useful source for holography aril a iil reference for
spectroscopy. It is also one of the benchmark systems for tie delon of the meter.
Prior to the invention of cheap, abundant diode lasers, HeNters were used in
barcode scanners. The HeNe laser was the first gas laser t« be iited, by Ali Javan,
William Bennett Jr. and Donald Herriott at Bell Labs.
The two HeNe lasers used during this project equibmins before the
wavelength stabilised. This was determined by observing he di tion created from
a pin-hole placed in front of the laser.
Diode laser
A laser diode is a good mono-chromatic light soiree w does not have a
warm-up requirement. It consists of an LED and lens, "he lereates the planar
beam. The spot created can vary in size depending on the lens, ire 4-6 shows the
diode laser used in this project.

Figure 4-6

Laser diode from photonic 3rodu

4.3 Operating Features of a CCD
The element of the set-up that captures the diffractioi, is at sensitive device
called a Charged Couple Device. It is the sensing elenent iriigital camera. It
consists of an array of photosensitive elements which oubuts arge dependant on
the level of light incident on it. The position of each elemeit in t.Tay is known and
the various charges can be used to reconstruct the image m a ay. Various types
of sensors can be used to build up the array and the data seised insmitted by some
medium. There are different types of sensors for optica imaapture. A binary
sensor just records the presence or absence of light, wbreas ey scale detector
quantifies the amount of luminosity experienced by the elenent. binary CCD will
store an ‘on’ value for elements above a certain level aid an’ value for those
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under that level. A colour sensor measures the level of each of the primary colours on
each element.
The ideal element for this application is the binary sensor, but the limit between
‘on’ and ‘off needs to vary across the image. This is evident from Figure 4-7 which is
a 3D representation of the airy disk. The height represents the irradiance. The binary
array will only accept elements above a specified level. It will effectively record all
the ‘on’s in the centre and the ‘offs on the outside. By letting the image analysis take
in more information, the image may be accurately reduced down to give the shape of
the diffraction pattern. As the light source emits monochromatic light, the sensor need
only pick up greyscale values. The commercial benefit of making colour CCD’s
means they are much further advanced than monochromatic CCD’s. The range and
price of colour CCD’s often makes them more competitive than the mono-chromatic
array. The only disadvantage in using a colour array is the extra amount of
information that needs to be transmitted. The size of the CCD is governed by its
application. Scientific CCD’s tend to be larger than commercial CCD’s, which are
used in digital cameras. When the data is transmitted to the computer, the signal from
each sensor is used to form an element of the captured picture. These are called
picture elements and for short are called Pixels.

Figure 4-7

3D representation of an airy disk [37]
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4.4 Operating Principle of Lenses
Lenses are required for this project to create planar waves incident on the coil.
To understand the mechanism lenses utilise to achieve this feature, the lens operating
principle is briefly explained.
As a wave travels it has a certain velocity in the medium that it travels in, for
example, if it is travelling in air it will have a velocity Cair in this medium, and a
wavelength X^ir and a frequency f These characteristics are related by the equation

Equation 4-1

CAIr =

In glass the same wave will have a reduced wave length Xoiass, and a
corresponding reduction in the velocity. Consider what happens when a wave goes
from one medium to another. Figure 4-8 shows the wavelength variation. Consider
what happens when the transition occurs at an angle. Figure 4-9 shows how the ideal
beam bends.

Air

Glass

/
Wave front
Figure 4-8

wave transition from air to glass
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Figure 4-9

Inclined transition from air to glass

This phenomena is known as refraction. By shaping the glass to concentrate
all the light on one common point, a lens is formed. The shape required to refract all
the light to a common point is called a parabola. Figure 4-10 shows the wave
propagating through the lens.

Figure 4-10

Lens focusing plane waves to a focal point [2]

A light source creating spherical waves will use this lens to create plane waves
which will form a collimated beam. The size of the beam is determined by the lens’
focal length.
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4.5 Considerations for Using an Iris
For a light source that contains a noisy halo around the main beam, an iris may
be used to simply mask out the noise. Care must be taken with these, as shown in
section 3.2.3, because if the iris interferes with the main beam, an unintentional
diffraction image known as an airy disk would be created on the CCD. Figure 4-11
shows a variable diameter iris.

Figure 4-11

Variable diameter Iris

4.6 Features of a Neutral Density Filter
If the intensity of the laser is too high for the CCD, a neutral density filter can
be placed in the optical axis and this will attenuate the light reaching the CCD. Figure
4-12 shows a few different types of neutral density filters.

Figure 4-12

Sample neutral density filters

Each pixel on the CCD has a ‘well’ which absorbs photons and emits a charge
relative to the number of photons incident on the pixel. Each well has a fixed well
capacity, called the well depth, which means it can sense a certain number of photons.
When the number of photons landing on the pixel exceeds the well capacity the well
is saturated and the charge emitted is equal to the well capacity. When this occurs
information is lost. The filter is chosen so that no pixel is saturated. This means that
no pixel is emitting the maximum signal of 255 (for a greyscale), while receiving
enough light to create a signal of 4000. In cases like this the full chip tends to get
overlit and no information will be stored in the image. The ideal filter would cap the
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light entering the CCD to produce a maximum signal in only a few pixels around the
centre of the laser beam. Neutral density filters are rated by how many times they
reduce the light by ten, for example a neutral density filter of strength 1 will reduce
the light by a factor of 10*. A filter of strength 2 will reduce the light by a factor of
10 and so on.

4.7 Features of a Pin Hole
The pinhole can have two functions in this rig. Firstly, if the beam has a noisy
halo, a large pin hole can be used like the iris to just mask out the unwanted noise but
it can also be used for calibration of the system. When the size of the pinhole is
known, the diffraction produced can be calibrated to yield the characteristic
parameters of the set-up i.e. a characteristic distance to the screen and a calibrated
height per pixel for that distance.
If the light emitted from the light source is too large and covers the entire CCD
with the beam, then an extremely small pinhole can be placed in the beam. A larger
pin hole is place further away to catch the airy disk and a further one to pick up any
more airy rings.

4.8 Features of a Prism
A prism may be used to direct light accurately. This uses total internal reflection
of light to redirect it. Figure 4-13 shows a prism. In this rig, two prisms on adjustable
tables are used to form a periscope. This helps to accurately define the optical axis.

Figure 4-13

Prism mounted on an adjustable table for directing light
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4.9 Conclusion
All the optical requirements of the rig have been outlined in brief The components
needed to achieve the desired effects have been suggested. The rig development deals
with these components further. The image quality directly impacts the amount of
processing required further down the line. The correct selection of components
improves the image. Figure 4-14 shows the final rig with all the components used.
Other components suggested in this section have been used for beam correction but
the best images were produced by using a good quality He-Ne laser.

Figure 4-14
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5 Image analysis
5.1 Introduction
The diffraction rig creates a diffraction image on a CCD. This image is acquired
using a computer program. The computer analyses the diffraction image and extracts
data from this image. This extraction is a pivotal part of the inspection. Two main
methods of inspection are pursued: firstly, a qualitative analysis whereby the coil is
either accepted or rejected; secondly, a quantitive analysis where the actual coil is
measured. Parameters of the captured diffraction image are measured. Analysis of the
acquired diffraction image allows decisions to be made on the condition of the coil
using the relationships between the diffraction image and the illuminated coil, as
outlined in section 3.2.6. This section applies the theory to the acquired images.

5.2 Quantitive image Anaiysis
In terms of qualitative analysis, there are two main features to be measured; the
layer line separation and the position of the maxima. Figure 5-1 shows the layer line
separation for a diffraction pattern from a coil where the wire diameter is equal to the
pitch. This is known as a coil bound coil. Figure 5-2 shows the layer line separation
for a coil where the pitch is greater than the wire diameter. Both cases need to be
considered, as Boston Scientific makes both types of coil.

Figure 5-1_____ Layer line separation of a coil bound coil

Figure 5-2

Layer line separation of a stretched coil
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As shown in the theory, in section 3.2.6, the layer line separation is
proportional to — where m is the order of the layer line and P is the pitch. Accuracy
is increased if a few layer line separations are measured. It is interesting to note that
the zero order line need not be known for this measurement. The distance is measured
in pixels. This will vary with the CCD specification and rig set-up. A simple
calibration will relate the pixel value to its Fourier space co-ordinate by using an airy
disk calibration method.
Also shown in the theory, in section 3.2.6, the intensity along a layer line is
described by a Bessel function. The Bessel maxima occur at fixed values of the Bessel
variable u. The maxima of a Bessel function are available as tabulated constant
values. Knowing the order of the Bessel function and which maxima is being viewed,
the distance from the central axis is proportional to the appropriate Bessel function
value u. Theoretically, u = InKr where r is the coil radius and R is the distance from
the origin, in reciprocal space, to the Bessel maxima, meaning r =

u
InR

Figure 5-3 shows the intensities along the layer line. These reflexions are the
maxima and minima of the Bessel function which describes it. These reflexions are
also the maxima of the Bessel squared function. Figure 5-4 shows the Bessel squared
function.

Figure 5-3

Maxima along a layer line of a coil bound coil
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Figure 5-4

Profile of a first order Bessel function squared

5.3 Qualitative Image Analysis
This is a qualitative method which compares an acquired image with a stored
image of a perfect coil. It effectively subtracts one image from the other, by
calculating the differences in the relative pixels intensities. The differences of all the
pixels then produce a residual image, referred to here as a ‘difference image’. A
completely blank difference image is a sign of a perfect match. Realistically this will
never happen due to the random nature of the noise, but very dull residual images
have been acquired.
A difference image which shows the two images superimposed is sign of a poor
match. Figure 5-5 and Figure 5-6 show the method. Figure 5-5 shows the difference
of the same image. Figure 5-6 looks at the difference between two different sections,
both sections being within the specified tolerance.
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Advantages of using this method:
•

noise from the laser is reduced

•

the image does not need to be processed any further

•

no calibration is required

Disadvantages of using this method:
•

information from around the central point is lost

•

the method does not directly measure parameters

•

coils with dimensions within the tolerance can fail

The minimisation of noise is useful because noise can be difficult to eliminate
using traditional clean-up methods. This system will either accept or reject a coil, thus
simplifying inspection. The physical size of the image is not of importance, provided
both the reference and acquired images are captured with identical rig settings.
However, this simplified approach has some shortfalls; an intense, noisy, halo,
evident in both images, will cause the cancellation of all useful reflexions within this
halo. This method assumes that the coil section, which produced the reference image,
is flawless and dimensionally perfect. This poses a serious problem for the
manufacturing of the GDC coil, as the coils are manufactured within a design
tolerance. Coils within this tolerance will produce diffraction images which are
significantly different.
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5.4 Improvements Made to the Reference Image Method
5.4.1 Introduction
In this method, the diffraction image of the coil is compared to that of a
reference coil. Acceptance criteria of the coil are based on a “matching score”.
The acquired image must be compared to the perfect template. Difficulties with the
method in section 5.3 include:
•

Pattern scaling

(Slight differences in the coil dimensions, within the
coil tolerance.)

•

Pattern off-set

(Slight translations caused by the coil moving in the
holder. Note: holding mechanism cannot be too rigid as
the coil is made of soft platinum.)

Pattern rotation

Pattern can be rotated slightly, again due to the holding
mechanism.

Ideally, the optical system will be set-up so that consistently sized images will be
obtained. This would remove the scaling problem, but would also impose a constraint
on the physical set-up of the optical system. Also, if any of the parameters of the
optical set-up are changed, a new reference image template will have to be recorded
for each coil for each change. To overcome these issues three improvements are
suggested to make the image comparison a viable method of inspection.

5.4.2 Reference Image with Rotational Tolerance
In this improvement, the datum for both the reference image and the acquired
image is calculated. These are then constrained to a common point during the pattern
matching process. Two features must be observed for this to work:
•

Calculated centroid must be the centre of the beam

•

Images are same size.

The same procedure is applied to both images and will ensure the datum point is at the
centre of the beam. The same size constraint is achieved by extracting a circular
portion from each image, where the radius of the portion is the shortest distance from
the datum to the border.
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The pattern matching routine is based on a cross-correlation algorithm, which
then assesses the “overlap” between the perfect and acquired images. A score is
assigned to this overlap; 1000 being perfect overlap, 0 being perfect non-overlap. A
coil is accepted if the matching score is greater than or equal to 800. If a section fails,
the method rotates the acquired image. The user inputs rotation angle limits; the
greater the angle limits the longer the image processing takes. Each increment is
matched to see if any sections match sufficiently and produce a value greater than
800.

5.4.3 Reference Image Pattern Comparison
Similar to the previous routine, a comparison is made between the acquired
diffraction image and the reference diffraction image. The same steps are taken, i.e.
image rotation, image offset and image cropping, to ensure similar sized images are
being compared.
The difference, this time, is that the acquired pattern is compared to the
reference image. Using the reference image as the template, it can be seen that there is
a certain amount of “order” present within the defective image. Therefore, the
comparison between these two images gives a “not bad” overlap. There are elements
of structure within the defective image. When the acquired image is used as the
template, there is much less order in this template. In other words, the order seen in
the perfect image is evident in the acquired image, but the disorder of the acquired
image is not present in the reference image. This disorder is caused by a defect.
Trying to find the matching disordered pattern, in the reference image gives a much
worse overlap. This outputs a score between 0-100, 0 being perfect match, 100 being
complete mismatch.

5.4.4 image Comparison with a Range of images
In reality, the coil is allowed to differ from the nominal size by a specified
tolerance. This tolerance will produce very different diffraction images. The only
suitable pattern matching method is to compare the acquired image to a range of
reference images taken of various coils, within this tolerance. If one matches, the coil
is within the design tolerance. This makes the process much more time consuming
and demanding on a computer.
This method will accept any ideal diffraction image. Any images that differ
from this ideal image will be rejected. In theory, any difference in the diffraction
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image is as a direct result of a difference in the coil. In reality, the coils can vary
within the design tolerance. This makes the image comparison method much more
complex.

5.5 Outline of the Hough Transform Method
5.5.1 Introduction
The following method was suggested by Dr. William Doherty, the post
doctoral researcher for this project and developed by the author. This method is an
adaptation of the Hough transform. It is used to determine the major axes of the
diffraction image i.e. layer line 1 and the equatorial axis. The equatorial axis goes
through the central point of the image and is perpendicular to the layer lines. This
method requires no thresholding or image manipulation of the full image.
Thresholding is only required to find the centre point, but no other points. This
method was the preferred method, as it provided the best results.

5.5.2 Determining the Equatorial Axis
This method sets about finding the major orientation of the pattern first i.e. the
equatorial axis. A summary of the requirements are presented using LabView.
Figure 5-7 is the diffraction pattern of a coil bound coil. A coil bound coil is a coil
where the wire is so tightly wound on the mandrel that the coil pitch is equal to the
wire diameter. There is no clear X angle in the image.
Figure 5-8 is the diffraction pattern of a stretched coil, the familiar X pattern is very
clear.
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Figure 5-7

Diffraction image of a coil bound coil.

''''

Figure 5-8

Diffraction pattern of a stretched coil
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The image can be RGB (red, green blue), or greyscale format. If the image is in RGB,
one colour plane may be extracted and converted to acquire a greyscale image.
Alternatively, the total luminosity can be expressed as a single value for each pixel,
forming a greyscale image. The LabVIEW program manipulates images in both RGB
and Greyscale formats, but greyscale images reduce the amount of computation
required.
With both of these diffraction images there is an equatorial axis. Looking at the coil
bound case (
Figure 5-7), the layer lines are clearly seen from the reflexions (dots), but there is no
clear equatorial axis. The equatorial axis is perpendicular to the layer lines and goes
through the origin. If the orientation of the layer lines is established then the
equatorial axis is easily found. When examining all possible lines that go through the
centre point, the first layer line appears brightest. This method will exploit this
property. In the case of a stretched coil.
Figure 5-8, the first layer line is not the brightest line to go through the centre point;
the branches of the X are far brighter. If both branches are found then the bisection of
the angle will be the equatorial axis.
This method will find the equatorial axis of both types of diffraction pattern.
The centre point for both diffraction images is found in the same way. A simple
threshold will mask all pixels with values below a threshold value, leaving the
brightest pixels. A typical example of the pixels left is shown in Figure 5-9

Figure 5-9

Simple threshold showing the central point

A centre of mass routine analytically calculates the centre point of this dot.
This is the centre point of the laser beam and the origin of the diffraction image. The
coordinates of this point are stored and all measurements on the diffraction pattern are

72

Experimental Platform development

Precision Coil Inspection

given with reference to this point. A region of interest is then created vertically from
this point. The geometry of this region of interest is a line or a narrow rectangle, with
a length equal to twice the distance from the centre point to the nearest border. The
image’s centre point is at the line’s mid-point. This is then rotated about the centre
point and the intensity of each pixel along the line is recorded. Figure 5-10 and
Figure 5-11 show the rotated lines on the diffraction images.

Figure 5-10

Line rotated through 180° on the coil bound diffraction image
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Line rotated through 180° on the stretched coil

It is important to note that due to the orientation of the square pixels, there is
not the same number of pixels in each region of interest. Figure 5-12 shows the
difference in the number of pixels sampled by the lines. The two lines are equal in
length; the blue line passes through eight pixels whereas the red line passes through
10.
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Figure 5-12

Difference in the number of pixels

Ideally, the sum of all the intensities should show the line with the highest
intensity, but this is not always the case as the variation in the number of pixels will
mean that the lines with more pixels may have a higher intensity total. This may not
be the angle with the actual greatest intensity; the average intensity of the region of
interest will correct this. Due to the symmetry of the diffraction pattern, ideally, the
region of interest need only be rotated through 90°. However, the coil is not held
perfectly level all the times making this 90° rotation insufficient. As the method must
deal with both diffraction cases, a simple rotation of 90° would pick up either a first
layer line or a branch of the X pattern. It is not to tell which of the two image types it
is. A rotation of 180° will detect which pattern is being viewed. A plot of intensity vs.
angle for both images is shown in Figure 5-13 and Figure 5-14
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Figure 5-13

Intensity of the rotated line for coil bound diffraction image
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Figure 5-14

Intensity of the rotated line for stretched coil diffraction image.

The average intensity for each radial increment is stored in an array and the
maximum is found. A tolerance of 10% is arbitrarily set on this value. The program
will look at all the average intensities. If another line is found to have intensity within
the intensity range and outside a 10° radial range of the maximum, a second bright
line is found (in other words, the second branch of the X pattern). The line bisecting
these lines will be the equatorial axis. If a second bright line is not found then the
pattern is that of a coil bound coil and the maximum intensity found is the first layer
line. The line perpendicular to this line will be the equatorial axis. The tolerance and
range here are randomly picked; the user needs to tune these to make the system more
accurate. Figure 5-15 and Figure 5-16 show the equatorial axes for these images.

Figure 5-15

Result of the radial search of the coil bound diffraction image
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Result of the radial search of the stretched coil diffraction image

The layer lines may be found by drawing a region of interest perpendicular to
the equatorial axis and translating it across the equatorial axis. This time, the sum of
the intensities is recorded for each increment and the local maxima will yield the
position of a layer line. The modal separation then becomes the characteristic layer
line separation for the image. The mode is preferred over the mean, as the mean value
would be affected if a false line showed up. The layer lines found for the two images
are shown in Figure 5-17 and Figure 5-18.
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Figure 5-17

Figure 5-18
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Results of the layer line search of the coil bound diffraction image

Results of the layer line search of the stretched coil diffraction image

The intensity of the reflexions along each of these layer lines coincides with
the maxima of the Bessel function squared, for that line. The results of these
measurements are input into a program which automates the system. This program
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requires substantial processing power if the step sizes are reduced for accuracy. A
program with reduced demand on the computer is also outlined in section 5.6.

5.6 Co-ordinate Geometry Measurement Method
This method was suggested by Dr. William Doherty and tackles the problems
found with the Hough transform approach. The main problem identified with the
Hough transform, is the demand on the computer as it searches through the image.
Although it is not slow, improvements in the program will allow for faster frame rates
in the industrially applied system. The basic train of thought, for this approach, is to
reduce the amount of searching the program has to do. A first step to do this is to use
the reflexion co-ordinates rather than every pixel. As it does not look for a pattern, the
algorithm will be the same for both types of diffraction pattern. The method is
illustrated with just one image type, starting with the raw image as shown in Figure
5-19.

Figure 5-19

Diffraction image, coil bound coil

As before, the brightest point is the centre point of the laser which is also the
origin of the diffraction pattern. This is found by identifying the brightest pixels and
finding the centre point of the cluster, as in Figure 5-9.
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A routine known as ‘background correction’ is used on the image, which finds
each of the reflexions by comparing them to the background. The routine looks at
small sections of the image finds local peaks in the image. The smaller intensity
reflexions are normally lost using conventional methods, as the noise in the centre is
more intense than the outer reflexions. Figure 5-20 shows the image after this routine
has been applied.

Figure 5-20

Typical image after the background correction

Examining the image, it is clear that there are still a large number of small
reflexions around the beam after the background correction filtering process. The
nature of the source data and the filtering process means that only small specs and
reflexions are left after the filtering process. These specs can be eliminated by simply
exploiting the size of them in relation to the reflexions. Image morphology is carried
out to remove the smaller specs in the image. This is similar to the open function
described in section 3.5.3. Figure 5-21 shows the image with most of the noise
removed.
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Figure 5-21

Image after the morphology has been carried out

Most of the points are now on the layer lines. A routine which determines
which points are reflexions on layer lines, and which are scattered points, will now be
applied to all particles. The reflexions from the original image (Figure 5-19) are
elliptical in shape. The elliptical reflexions have two axes of symmetry, the major axis
and the minor axis. Figure 5-22 shows the axes of a typical ellipse.

Major axis

Figure 5-22

Major and minor axis of an ellipse

Post processing, the reflexions seem more rectangular but they still have a major axis.
This major axis has an angle of inclination, i.e. the angle the major axis of the
reflexion makes with the image’s axis. This angle is an estimation of the angle of the
layer lines. This angle is recorded for all the reflexions except for those reflexions
which are square. If a reflexion is truncated down to a square, there are two possible
problems; the axes can be the same as the image axes and, as both axes are the same
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length, the reflexion will have no clear major axis. As this is just an estimation of the
angle, not all points need to be included, so it makes sense to discard any with
potential issues. All the recorded inclinations are analysed statistically and the modal
inclination of the data is found. This is approximately the layer line inclination angle.
The centre points for each of the reflexions are also stored in a file. A program
that calculates the angle of a line connecting two reflexions is applied to all possible
combinations of two reflexions. Those combinations which produce an angle very
close to the approximate layer line inclination suggest that these two reflexions lie on
the same layer line. Searching through the data, all the reflexions on any one layer
line can be found. This is achieved by recording all the reflexions that connect to one
randomly chosen reflexion, which are at the approximate angle from it. Any reflexion
whose angle differs from the approximate angle will either be a random point or a
reflexion on another layer line. The reflexions determined to lie on a layer line will be
taken out of the storage file which contains all the data.
By repeating the procedure on another point, all the reflexions on a new layer
line may be found, if is part of a layer line. If it were a random point very few points ,
if any, would occur at the approximate angle. Looking at Figure 5-23, all the
reflexions have a common inclination, with points 1 -4 on the layer line. Starting with
point 1, the angles 1-2, 1-3, 1-4 are all equal to this angle, thus they lie on the same
layer line. If the same was applied to point 5, then angles 5-1, 5-2, 5-3, 5-4 are all
different, what’s more, none of these angles occur at the inclination angle of the
reflexions. This is the acceptance criterion for determining which reflexions lie on
layer lines
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line

Figure 5-23

Sample points

This is repeated until all the points have been assigned to layer lines or
declared as random. Each layer line will have a group of points associated with it. A
‘best fit’ line is fitted to each of the layer lines. All the best fit lines should be parallel
to each other. To ensure that these are parallel, an algorithm is developed to find the
best fit line through each layer line but it also constrains the lines so that they are
parallel to each other. This ensures the best approximation to the layer lines’
inclination angle. A line drawn perpendicular to this and going through the centre
point will be the equatorial axis of the image. The point at which each layer line
crosses the equatorial axis determines the zero point for that layer line. The distances
between the reflexions and the equatorial axis will be proportional to the Bessel
function maxima. This Bessel function is the same order as the layer line that the
points lie on.
This method requires less processing than the Hough transform method, as the
co-ordinate geometry only uses the centre points of the reflexions, not every pixel in
the reflexion.
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5.7 Conclusion
Each technique was assessed for its suitability in the final solution. The methods
described here were: The Hough transform method; the reference image method; and
the co-ordinate geometry method. All methods worked well but the best results, from
a measurement approach, came from the method described in section 5.5, the Hough
transform method. The filtering process in section 5.6 can pose difficulties with
certain images and cut out much useful data. The Hough transform approach uses no
filtering and potentially works on images. The attribute programs seemed to fail
within the full design tolerance of the coil. If a reference image was obtained for a
coil, the system would only fail an image which showed defects, where something
changed.

These changes which caused a failure were often within the design

specifications.
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6 Experimental Platform development
6.1 Introduction
At this Stage, it is useful to recap and look at what is required for the entire rig
to work. Figure 6-1 shows the flowchart of what is required from a physical rig.

Figure 6-1

Physical requirement

This section describes in detail the creation of the rig. This work takes
concepts from section 3 and makes them physically realisable. Also, the concepts for
future ng development, with automatic feed, are introduced. Parts of Daly’s rig are
taken as a starting point and improvements are made to these. The rig is required to
create a Fraunhofer diffraction image on a CCD, which is recorded by a computer.
Another project carried out by manufacturing engineering students, John Willis and
Daniel O’Mahony (2006), looked at an automatic feed system for the coil. Figure 6-2
shows their suggested automatic feed rig with an angle control mechanism suggested
by the author. The concept of rollers inclined at a slope rotating the coil has been
proven and when incorporated into an angle control mechanism, it gives full feed rate
control. The rig development uses the existing configuration from Figure 4-1, which
is required for creating diffraction.
The schematic for Daly’ rig is shown in Figure 6-3.
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The components used in Daly’ rig were:
•

He-Ne Laser

•

V-slot to hold the coil

•

Cameras to capture the diffraction and magnified image

•

Lens to create Fraunhofer diffraction on the CCD

•

Rail

Figure 6-3
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6.2 Building the Modified Rig
The rig which was available at the start of this project was of a cost conscious
design. The rig was customised to use parts available at the time and, considering
what was used, some impressive images were obtained. This is a credit to the hard
work that Daly [5]

put into the set-up. Most components were not the ideal

components for the application. For example the lens used had a 200mm focal length;
this made the rig far too large and picked up noise from the surroundings. Various
holding components did not have the capability for easy or precise adjustment. This
made the rig very rigid, difficult to set up, and quite difficult to test out new concepts.
The basic set-up is maintained for an improved rig, but many of the components
introduced in section 4 are used in the rig to improve versatility.
The rig that was developed in this project, which was used for capturing the
final images of the coils, contained the following parts sourced from Thor Labs:

Laser:

HRR 008S

Prism:

2 X PS 910

Prism adjusting table: 2 X KM 100 B/M
Rail:

3 X RLA 300/M

Rail carrier:

7XRC3

Post Bases:

6XRC1

Standard Base

BAl

Post holders:

5 X PH6/M

Posts:

5XTR 150/M

Lens holder:

LH2

Lens:

LB 1630

CCD:

DCU 224M
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Figure 4-14 shows the final rig and a 3D model of this rig is shown in Figure 6-4. All
components were mounted on an optical rail which allows all the components to
move on a fixed axis. The optical axis is made parallel to the rail axis by adjusting the
angle of the prisms.

Camera

Neutral density

Lens
VSlot

HE-NE
Laser

Figure 6-4

3D model of the finalised rig

6.3 Physical Optics
6.3.1 Introduction
The relevant advantages and disadvantages of various components were assessed
during the development of this project. This section of the thesis records the most
interesting aspects of these trials and selects the combination of components which
provided the best image. It is necessary to bear in mind the specific characteristics of
these components and analyse the impact they have on the image. A good quality
image will have the following features: small laser beam spillage; relatively bright
reflexions; clear separation of reflexions; large reflexions; and clear reflexions on the
perimeter of the image. Each of the component’s impacts on the image is discussed in
the following sections.
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6.3.2 Lens
Diode
When using a laser diode, a lens must be used to form a collimated laser beam which
is emitted from the diode (section 4.2). The laser diode used in the development of
this project had a threaded portion on the outer tube. This threaded portion allowed a
lens mount, with the outside threaded, to move between 2mm and 8mm from the
diode. This setting was not fixed, due to the nature of the laser, and its typical
application as an experimental laser. The lens was simply glued into the mount. Care
had to be taken to ensure that the lens was glued in perfectly straight; any slight
misalignment between the thread axis and lens axis would result in the beam rotating
around the optical axis during beam collimation. The lens used here had a 5mm focal
length; this was selected because it results in a mid-range adjustment. The best
collimated beam seemed to be at a focal length of 5.2 mm; this is believed to be as a
result of the refraction from the diode casing. Figure 6-5 shows the refractive effect of
the diode surroundings. The Helium Neon lasers used in the development, required no
lenses (see section 4.2).

Refraction

Figure 6-5

Refractive issue with laser surrounding

88

Experimental Platform development

Precision Coil Inspection

Prisms
10mm glass prisms were used to control the optical axis once the laser was
collimated. Without a prism periscope, defining this optical axis would generally take
between 10 and 20 iterations.
The prisms use total internal reflection to reflect the light. The ideal set-up has
light incident at 45° to the reflecting surface. The reflected light reflects at 45°,
resulting in a 90° bend in the light. Prisms are mainly used to bend light to avoid
obstacles, but in this set-up they are used purely for optical axis adjustment. The first
prism the beam meets will determine the point of reflection on the second. With a
sufficient distance between the prisms, the angular impact on the optical axis will be
negligible when adjusting the positional control prism. This provided a sufficient and
very accurate means of setting up the optical axis.

The method of adjusting the axis was to position the angle control prism
roughly parallel to the rail axis in front of the CCD. The CCD was then moved as
close as possible to this angle control prism. The position control prism was adjusted
until the beam was at the centre of the CCD. The CCD was then moved as far away
on the optical rail as possible. The angle control prism was now adjusted to bring the
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beam back to the centre of the CCD. As the CCD moves up and down the rail, the
beam should remain at the centre of the CCD.
Fraunhofer Lens
Various lenses were tested in the project to determine which produced the best image.
The sizes of these lenses ranged from having an outer diameter of 6mm to 50.8mm,
with the larger lens producing the best images, as discussed in section 6.3.1. Focal
lengths were also considered. Focal lengths of <15mm produced blurry images, while
larger focal lengths, of over 50mm, seemed to make no further improvement on the
image quality. Figure 6-7 shows a 6nim lens with a focal length of 15mm. This image,
taken during the rig development, used a JVC TK-1381 CCD with a Leutron frame
grabber. The laser used to generate these images was a diode laser supplied by
Photonic Products.

Figure 6-7

Focal length 15nim outer diameter 6mm

Figure 6-8 shows a 50.8 mm lens with a 15mm focal length. This image, taken during
the rig development, used a JVC TK-1381 CCD with a leutron frame grabber. The
laser used to generate these images was a laser supplied by Photonic Products.
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Precision Coil Dif Cam
Figure 6-8

Focal length ISmm, Outer diameter 50.8mm

Figure 6-9 shows the diffraction image from a 50.8mm lens with a 50mm focal
length. In the interest of keeping the overall rig size small, the 50mm lens was chosen
and this allowed for further components to be placed in the rig for image
improvement.
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Figure 6-9
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Focal length 50mm outer diameter 50.8mm

Figure 6-9 was the best image obtained. It contained 17 layer lines, which will
provide an excellent indication of the true layer line separation. The reflexions are
also well separated and easy to distinguish. Despite spurious noise, this is a good
quality image.
Figure 6-8 only provides 11 layer lines. Although the reflexions are larger at
the centre, they become small and useless after the second layer line. Reflexions
around the perimeter of the image are practically non-existent. This is a mediocre
image.
Figure 6-7 again provides only 11 layer lines. The worst feature of this image
is the broken nature of the reflexions which makes reflexion analysis extremely
difficult. This is, therefore, a bad quality image.
As the lens was the only component which changed throughout these three
figures, one can conclude that the 50.8mm outer diameter, with a 50mm focal length,
produces the best image.
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6.3.3 Beam Improvements
In this section, the various different components that can be used to improve the
quality of the image are considered. The main area of interest is the noise evident
around the beam. The components which improve the image are: Neutral density
filters, spatial filters and baffles.

Neutral density filter
From Figure 6-7, Figure 6-8 and Figure 6-9, it is clear that the central beam is
quite ‘noisy’. To improve the quality of the image this central spillage must be
reduced. A neutral density filter will eliminate a lot of this noise. The strength of the
neutral density filter must be chosen so that the important reflexions will not be dulled
beyond recognition. Inevitably, some points will be lost.

By inserting filters

individually or a compound combination of filters, the ideal strength will be achieved.
With the above combination of components, a neutral density filter of strength 3
eliminates a lot of noise, thus reducing the intensity by a factor of 1000, i.e. 10^.

Spatial filter
A spatial filter attenuates the size of a beam by focusing it through a pinhole. Figure
6-10 shows how the light propagates through a spatial filter. The principle of
operation of the spatial filter is to focus the beam through a pinhole. When the pin
hole is on the focal plane of the lens the whole main beam goes through the pinhole.
The spurious noise will not go through the pinhole. In order to prevent noise in the
beam, some of the beam may be prevented from going through pinhole. If the beam is
blocked by the pin hole, the resulting beam output may contain an airy disk. Figure
6-10 shows the output from the spatial filter.
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Aperture

Figure 6-10

Typical spatial filter

Precision Coil Dif Cam
Figure 6-11

Output through the spatial filter.

94

Precision Coil Inspection

Experimental Platform development

For this application, the spatial filter provides the perfect size beam, but dulls it too
much, and even worse, it causes airy disks. Simple spatial filters are not a possible
solution for forming the perfect beam from a poor beam, as this application requires
too much intensity. The best situation to obtain the perfect beam is where it is created
directly from the laser.

Simple baffles
When the size of the beam is sufficient, a mask which simply blocks the noise
clears up the beam, as shown in Figure 6-12. This image shows how the mask, which
was intended to block out the noise from the image, still left noise on the image. This
noise is in fact interference diffraction from the mask. It is clear that another mask
will be able to block out some more of this noise. This is the concept used in the
simple baffle set-up.

Precision Coil Dif Cam
Figure 6-12

Laser diode with a masking slit, 1mm

Simple baffles are a set of pin holes arranged to reduce the beam size and then to
catch the airy disks. This causes slight beam divergence. Figure 6-13 shows the
principle. Figure 6-14, which was taken during baffle development, illustrates the
concept further.
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First airy
ring

Beam
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Pinholes
Figure 6-13

Simple baffle set-up

Precision Coil Dif^Cam
Figure 6-14

Baffle set up development

Clearly, the first pinhole creates the airy disk. The second pinhole, which is larger,
attenuates the pattern before it reaches the CCD.
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6.4 Image Capture
6.4.1 Introduction
The sensing element of this rig is a CCD. These are commercially available in
digital cameras. Scientific CCDs ideally come without lenses. This section will look
at the method of capturing these images for further analysis. Three CCDs were used
in the development of this rig. Here follows a brief overview of each:

6.4.2 JVCTK-1381
Features:
•

'/2" CCD 768 (H) X 494 (V)

•

Colour

Two kinds of video outputs:
•

Composite video (BNC)

•

Y/C separated video (4-pin)

The specific frame grabber, made by Leutron Vision, did not have a driver for
LabView but, for the development testing, that made no difference. If this camera was
what was required in the final rig another compatible frame grabber would be
purchased. A simple schematic of the process is shown in Figure 6-15 shows how to
access this image in LabVIEW. The frame grabber displayed the live image on the
computer screen. Once the required image was displayed, the ‘save image’ button was
pressed. This file was then saved on the computer’s hard drive. LabView would then
access this image for processing. The Lab VIEW code for opening the image file is
shown in Figure 6-16. This can be connected to the analysis programs with the
connector shown in Figure 6-17.
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X.
Save File

/

V
open File

f

!

LafaVIEW
Figure 6-15

n

Image acquisition for the JVC camera

Image input.vi
Image name
Path
Figure 6-17

Image

LabVIEW Connector
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6.4.3 SonyXCD-X710
Features:
•

1/3“ CCD 1034x779/

•

Monochromatic

Video Output:
•

Fire wire 1394

Most computers are fitted with fire wire, IEEE 1394, connections. But for computers
without this protocol connector, extra cards can be purchased. These are available for
both laptops and PC’s. Lab VIEW has built-in IEEE 1394 interfacing drivers. The
schematic of the image acquisition is shown in Figure 6-18. Using the Lab VIEW
drivers the code is given in Figure 6-19. This is connected to the image analysis
program with the connector shown in Figure 6-20.

SLaU/IEW
Figure 6-18

Image acquisition for the Sony CCD

JcamOlj

Figure 6-19

LabVIEW code for image acquisition with the Sony CCD
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Fire wire.vi
Image Out

Figure 6-20

Lab VIEW Connector for the firewire CCD

6.4.4 Thor Labs DCU 223M
Features:
•

14” CCD 1024x768

•

Monochromatic

•

USB 2.0

Output:

The connection protocol for the Thor Labs DCU223M is USB 2.0, the most popular
connection port fitted to computers today. LabVIEW has drivers for this protocol, so
interfacing is quiet easy. The acquisition of the image is shown in Figure 6-21. The
LabVIEW driver code for the USB protocol is shown in Figure 6-22. The Thor Labs
CCD drivers are connected to the image analysis program with the connector shown
in Figure 6-23.

t

tfr
I

J

T!

r

LabVIEW
Figure 6-21

Image acquisition for the Thor labs CCD
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6.4.5 CCD Comparison
The three CCDs were used to capture the same patterns. The following was
observed: the physically larger CCDs captured images which looked similar, but the
Thor labs CCD showed more information relating to the outer reflexions than the
JVC. This was due to the increased sensitivity of the CCD. The Sony CCD was
physically smaller and also required less intense light. In this application, the
complete array was flooded. The larger CCDs captured 8 layer lines, whereas the
smaller Sony only captured 4. By adjusting the lens the Sony CCD could be made to
capture 8 layer lines also. However, the clarity and sharpness of the reflexions
suffered because of this change. This feature is a common discussion point for
photographers worldwide. The smaller the CCD used, the higher the quality of the
lens required. But a larger CCD comes with a cost; it requires more light to charge it.
In this application, this extra light requirement is not a problem as there is an
abundance of light. With the lens used in this rig, the larger the CCD the better the
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image. Lens imperfections will cause more noticeable aberrations with a smaller
CCD.

6.5 Conclusion
The development of the rig for the capturing of the diffraction images of the coils is
described here. The rig is designed to be flexible to prove concepts, but rigid enough
to acquire consistent images. Rigidity was vastly improved from previous rigs. This
final rig is used to capture some of the images for this thesis.
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7 Image analysis development
7.1 Introduction
This section describes the programs developed to analyse the captured images
and how the system was calibrated to yield accurate results. All of the programs are
described with flowcharts which show the processes behind developing them. The
flowcharts were used to develop the LabVIEW programs with a modular approach.
To keep in mind the goal of image analysis, it is necessary to overview the full set-up
and to see how image analysis fits into the system. Figure 7-1 shows the system
process sequence.

Figure 7-1

System overview

Using the two inspection protocols suggested in section 5, the image analysis
principles differ significantly from each other. The quantitative method uses the
diffraction theory from section 3 to calculate the coil size from the diffraction image.
This is then compared with the design dimensions of the coil. The qualitative method
simply compares the diffraction pattern created by a ‘reference’ section, with the
section being inspected.

7.2 Development of Quantitative Algorithms
In order to automate this quantitative inspection, an automated routine for the
measurement of the diffraction images is required. The results of the diffraction
measurement will be input into a calibrated mathematical algorithm, which outputs
measurements for the critical parameters of the coil. Failure for a coil to produce a
recognisable diffraction pattern will result in the algorithm sending a signal to mark
the piece of the coil as defective. This could be done with a dye, or with a mechanism
to physically deform the section.
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7.2.1 Automated Database with Coif Dimensions
A list of all the available coils and their sizes is necessary for automated
inspection. Creating a database with all GDC coil dimensions gives the automated
inspection program the desired sizes of the coils. A flowchart for the database is
shown in Figure 7-2. The user inputs all coils specifications. This only has to be done
once.

Create
database

Save database
to disk

Figure 7-2

Coil
Database

Creating the coil database

7.2.2 Parameter Measurement
The algorithm suggested in section 5.5 is now developed and programmed. The
overview of the method is shown in Figure 7-3. The subsection to get the image
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parameters is described by using the flowchart in Figure 7-4 . The principle behind
this method was shown in section 5.

Figure 7-3

Outline for a calibrated parameter method
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Figure 7-4

Program to measure the image parameter
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The flow chart in Figure 7-4 outlines the required modules. A weighting algorithm is
applied to the entire image to brighten the reflexions situated away from the centre.
The Lab View program which weights the image takes in the pixel values in an array
and outputs the weighted array. The weighting makes the brightest line more
pronounced. As discussed in section 5.5.2, the brightest line will either be the first
layer line, or one branch of the X pattern. The un-weighted intensity search produces
a wave form similar to that depicted in Figure 7-5. In this image, there was an
intensity difference of 74 between the brightest peak and the next brightest, a 67%
difference. For images with larger central spillage this could be reduced to 10%. By
applying the weighting algorithm to the search. Figure 7-6 is created. The weighting
applied to create this image multiplied the pixel intensity, by its distance to the centre
point, to the power of a factor, i.e.
New value = Old value x (pis tan

))

This gives more weighting to the outer pixels, and the factor will be adjusted
according to the image input. The weighting to create the waveform in Figure 7-6
used a factor of 2; this resulted in a central brightest line being 428% brighter than the
next brightest.
PlotO

Waveform Chart 2

/V

1799
Incremental number

Figure 7-5

Un-weighted intensity search
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Waveform Chart 2

PlotO

A/

1799
Incremental number

Figure 7-6

Weighted intensity search

If none of the brightest 5% intensity averages emerges outside 10° from the
maximum, a section of the code will draw the line at the angle of the maximum
intensity. This becomes the meridianal axis.
If there is one of the brightest 5% of the intensities 10° or more away from the
brightest intensity, the code will draw a line through the brightest and the second
brightest intensity. It will also draw the bisector which is the equatorial axis of the
image. The lines are drawn on the image with the angles and titles labelled as shown
in Figure 7-7.
jtiel |8'3.3r/j

|ii>
I

Mb; r

Figure 7-7

'

Image with lines overlaid
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The next section of the program searches the pixels which are on lines
perpendicular to the equatorial axis. A sweep line is created which can search through
the image without going over the border. The program plots lines perpendicular to the
equatorial axis, which go through its endpoints. The distances between the end points
of the equatorial axis and the border are calculated. The smallest distance is selected.
To make the sweep line, a line is constructed perpendicular to the equatorial axis with
the endpoint of the equatorial axis at the sweep line’s midpoint. The sweep line is
twice the length of the shortest distance to the border. When this line is translated
along the equatorial axis it will not go outside the border of the image.
A plot of the recorded intensities of the translation yields the graph in Figure
7-8. A peak detector run on this waveform will return few local maxima, as it would
mainly pick up the overlying waveform. Applying the weighting, as done previously,
will raise the average intensities. A conditioned waveform is shown in Figure 7-9.
Waveform Chart

Figure 7-8

Plot 0

Un-weighted intensity plot

Waveform Chart

PlotO

Time

Figure 7-9

A/

Weighted intensity plot
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A peak detector will find the peaks in the waveform. The locations are then put back
into the equation for the equatorial axis line to yield the actual layer line intersection
co-ordinates. The distances between these points are stored and the modal distance is
calculated. The mode was selected as a more reliable statistic than the mean as the
mean would be affected by spurious lines that the peak detector would have found, or
lines missed by the peak detector. This value is output as the layer line separation
which will be fed into a calibrating algorithm to output the pitch.
The diameter of the coil was analytically related to the position of the
reflexions on the layer lines. The reflexions are distributed according to Bessel
functions. The order of the Bessel function corresponds with the order of the layer
line. The locations of the reflexions on the image are given in pixels. A calibration
will calibrate the pixel positions to reciprocal space dimensions. The Bessel function
on the image is effectively a scaled version of what would be created on a distant
screen. There should be a constant multiplier across the image. By knowing the
Bessel element and the constant multiplier, the diameter can be calculated.
The points along the layer line can be measured using the peak detector on the
layer line. A better result is acquired by taking the average of a few pixels
perpendicular to the layer line; a quarter of the layer line separation on either side
works well.
To determine the location of the Bessel function maxima, a simple property of
the Bessel function is exploited. The zero locations of a Bessel function of order N are
the same as the locations of the maxima of the Bessel function of order N-1. The
Bessel function maxima can be programmed using this property.
Each detected maximium is divided by the corresponding Bessel maximum
and all the results are stored in an array. The mode of this array is the diameter
multiplied by the calibration factor. This is the output which will be input into the
calibration algorithm to determine the diameter of the coil.

Optional direct Calibration
The next section of code required for the method outlined in Figure 7-3 calls
for a calibration. A basic calibration rationale is described in Figure 7-10. The data
required for the calibration curve is captured by using a set-up similar to that shown in
Figure 7-11. This is run on as many coils as possible to get the best store of data.
Alternatively, the airy disk calibration is used.
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Parameter inputs
r

Calibration curve

r

(^Coil dimensions
Figure 7-10

Calibration Rationale

Figure 7-11

Storing calibration data
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7.2.3 Airy Disk Calibration
This section looks at applying the concepts covered in section 3 to calibrate
the programs developed in section 5.2. For these alternative methods the required data
from the diffraction image is outlined, starting with the parameters required from the
coil. Figure 7-12 shows the dimensions of interest taken from a magnified image of a
stainless steel coil.

Using the diffraction theory, each of these measurements will be equated to
features from the diffraction image, as covered in detail in section 3.2.6. The
diffraction image will be calibrated with a pin hole. The pinhole creates an airy disk
as shown in Figure 7-13. The profile of the line A-A is shown in Figure 7-14.

Figure 7-13
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Figure 7-14

Intensity Vs position of the airy pattern

By finding the centre point of Figure 7-13 and fitting circles to the dark rings,
the radii of the circles are found. For calibration, recall
Equation 3-8, which describes the diffraction pattern produced from a circular

aperture.
F{R)=27ia'^

J,(R.ay

Equation 7-1

R.a

The only fluctuating term is the Bessel function. The maximum it reaches is 1 at the
centre, so it is common practice to give the pattern in terms of its central irradiance lo
/ = lQ.{F{R)y

Equation 7-2

The dark rings occur when the Bessel term is zero. The values for which this occurs
have been calculated.
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U

J(U)

1

3.832

0

2

7.016

0

3

10.173

0

4

13.323

0

5

16.47

0

6

19.616

0

7

22.76

0

8

25.903

0

9

29.047

0

10

32.18982

0

11

35.33208

0

12

38.47857

0
Table 7.2-1 Airy disk minima

Recall each of the terms
U

Bessel variable

a

Radius of the pin hole

R

distance from the origin to the point on the screen

The equation is thus
u = R.a

Equation 7-3

R is the Fourier space variable and is proportional to the measured distance in pixels.
u
A plot of —vs pixels will provide a linear relationship. The ‘best fit’ line through this
a
data will be the calibration for the helical diffraction pattern, referred to as f(pix). It
can be used to calculate the Fourier space variable from the pixel value as follows:
R = f{p ix)

Equation 7-4

For Programming
The maxima occur at fixed values of InRrand the Lab VIEW program
measured the location of the maxima of these for each point. The relationship is:

l/rRr = bessel factor x pixel value
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r will remain constant across the image and the Bessel factor will remain constant.
The R and pixel value change for each reflexion. The airy disk calibration equation
replaces R.
Recall from the airy disk calibration

Equation 7-4

that:

R = f{pix)

Equation 7-6

The f(pix) will be a constant multiplied by the pixel value.
f{Pix) = / X Pixel Value
Equation 7-7
f is the slope of the calibration curve. Subbing
Equation 7-6 into

Equation 7-5 yields a useful cancellation.

Itt X f{pix)x r = Bessel factor x Pixelvalue
Equation 7-8

Itux. f X Pixel value xr = Bessel factor x Pixelvalue
The radius is now completely independent of the pixel value.

r=

Bessel Factor
In X /

Equation 7-9
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7.3 Development of a Qualitative Method
7.3.1 Introduction
This method takes the diffraction image of the reference coil and compares it
to the acquired image. In order to do this, all the reference images must be stored.
After this database has been set-up, it must be populated with a diffraction image for
each coil. A program to do this is suggested in Figure 7-15. This algorithm ensures
that the section of coil creating the image is the correct size.

Figure 7-15
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If the dimensions are outside the tolerance in the database, the user can decide
to exit the program or re-test the coil. The dimensions may be out of spec if the coil is
incorrectly made, if the coil section is damaged, or if the wrong coil code is used.

7.3.2 Reference Image Comparison Method
The final step to make this a functioning set-up is to acquire an image of the
coil and to compare it to the reference image for that coil. Confidence in this method
is increased by verifying that the section of coil that created the stored image is the
correct size. An overview of this method is shown in the flow chart in Figure 7-16.

Figure 7-16

Image comparison

The key element here is the method of comparison. The most basic rationale to
achieve this is simply to subtract the measured image from the stored image. Any
slight difference will show up as bright regions, as shown in Figure 5-5 and Figure
5-6.
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The theory showed the image that would be created when the coil is held
rigidly. As this coil is quite soft, it cannot be held very rigidly without damaging it.
Therefore, the system will be required to cater for some small movement of the coil
relative to the laser. This will manifest itself as slight translations and rotations of the
image. Experiments show that for the set-up devised for this project, rotation is less
than 5®. Greater rotation is only experienced when a defect in the coil interferes with
the v-slot. A sub-program to carry out the comparison is suggested in Figure 7-17.
This program has been pre-programmed in LabVIEW. The program element is called
‘IMAQ Match Pattern’. This element can be readily accessed through the LabVIEW
library. The tolerance variable is set by the user; at 1000 the two images must be
exactly the same to find a match. Experimentation will determine the optimum score
value to set. Section 5.4.3 has outlined how the pattern match produces the best
results.
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7.4 Conclusion
The complete system outlined here provides automated inspection of the coils
using diffraction as the means of measurement. The programs were tested with all the
available coils and defects. The results obtained and a sample numerical calculation is
outlined in the next section. The most promising detection method was found by using
both quantitative and qualitative methods together. The quantitative method picked up
all defects by virtue of the measured parameters being outside the design tolerance.
By running the qualitative method simultaneously, an extra mode of detection was
introduced. By adjusting the required match score in the qualitative method, the
system can be effectively adjusted to detect defects above a certain size.
The only cause for concern is the qualitative method’s behaviour within the
design tolerance. This was not an issue with the coils tested, as all coils which passed
inspection were very close to the nominal size. A larger selection of coils is necessary
to verify the complete impact of this concern.
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8 Results
8.1 Introduction
This section employes the airy disk calibration to calibrate the system and
measure four different coils. These will be physically measured and error analysis is
carried out on the results. The most critical aspects which affected the accuracy are
outlined. The goals of this section are to calculate the size of the coil from the
diffraction pattern, to present the system with a defect coil and to ensure that the
system outputs measurements which are outside the acceptance range.

8.2 Rig Verification
8.2.1 Airy Disks
Two airy disks are diffracted and the images captured. Figure 8-1 uses a 100 pm
pinhole and Figure 8-3 diffracts a 150 pm pinhole. Figure 8-2 and Figure 8-4 are the
corresponding profiles of these images.

Figure 8-1

Airy disk for lOOftm diameter pinhole
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Figure 8-3

Airy disk for 150 ^im diameter pinhole
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150 \xm Pinhole

■Profile

Figure 8-4

Profile across the image of the 150 ^m pinhole airy disk

The radii of the dark rings of Figure 8-1 and Figure 8-3 are presented in Table 8.2-1,
Ring Number

100 iim

150 pm

1

146

97

2

266

177

3

386

257

Table 8.2-1

Airy disk minima

Recalling

Equation 7-3,

u = R.a
where

u is the Bessel variable
a is the radius of the pinhole

As described in section 7.2.3, to get an equation of f(pix), a plot of —
a

vs

Fix is

drawn using each of the airy disks. Figure 8-5 and Figure 8-6 show these plots with
the best fit line equation. As required, the equations of the best fit lines agree closely.
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100

y = 5.2735E+02x
R2 = 9.9999E-01

♦

F(pix)

----- Linear (F(pix))

Figure 8-5

Calibration curve for lOO^m pinhole

150 urn
y = 5.2744E+02X
r2

♦

3

9.9999E-01

F(pix)

----- Linear (F{pix))

Pixel Value

Figure 8-6

Calibration curve for 150pm pinhole

8.2.2 Calculations of a Coil
This section gives a summary of the program’s process of calculation. The most
illustrative method to demonstrate this process is to perform all calculations on one
specific coil. The results of this section are compared to the outputs of the program.
Taking the first coil, this is a SA 01260-91. The specifications of this coil are:
Pitch

101.6 ±5.08 pm

Outer diameter

467-503 pm

The analysed diffraction image is shown in Figure 8-7. The outputs from the
Lab VIEW program were:
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Bessel factor

Results
0.85±.01

Layer line separation 145 ±.5

(pixels)

The error on the Bessel factor is calculated from the error on each factor
approximation, divided by the number of approximations of that factor. For the layer
line separation, the resolution is the pixel size and error is due to this pixel size.

Figure 8-7

Analysed image

The Bessel factor is proportional to the coil radius multiplied by the airy disk
calibration f, from Figure 8-5 and Figure 8-6.
To apply the calibration to the data, recall
7-9.

r=

Bessel Factor
Iny. f
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Therefore,

r=

0.85
2;rx 527.44

0.85
3314

=

256.5iJm

Diameter = 2xr = 513± 36/im
Error in the airy disk calibration is in the order of 6%. As this is the tolerance of the
pin hole, contributions from the pixel value are only 0.02%. Combining the errors of
the calibration and the Bessel factor gives a 7% error in the diameter reading.
The pitch is calculated from the layer line height of 145 pixels. This is given
by modifying the airy disk Bessel variable, recalling Equation 3-11,
-=p
Z

where.
m

3

Layer line separation 145
30060 from the calibration

Z is

P=

(Pixels)

30060

(m' )

= 99.8± 6//m

This coil is nominally out of spec for its external diameter. Using a snap gauge, the
outer diameter was 502|im and on a comparator, the pitch was 96pm. The reason for
the difference in the outer diameter is due to the snap gauge squeezing the coil a little
and the loose pinhole tolerance.
The calculated results in this section were exactly the same as the calibration output
from the LabVIEW program. The LabVIEW program inspected this coil in one
hundred places. All dimensions fluctuated within 0.1%, providing confidence in the
systems rigidity.

8.3 Experimental Results
The program looked at the four different coils available, inspecting each coil
one hundred times. The results remained consistent, showing that no defect was
evident. Table 8.3-1 presents the results obtained. The program was set to output the
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parameters measured from the image analysis along with the calculated dimensions of
the coil. Five sections of the coil were physically measured and compared to the
calculated dimensions. These are also presented in Table 8.3-1.
Calculated

Parameters

Measured

Specification

P

OD

P

OD

Coil
Code

Bessel

Layer line

Outer
Pitch

Factor separation

Diameter

91

0.106

137

105

501

107

505

101±5

467-503

90

0.099

94

154

538

158

534

127±5

523-551

53

0.135

139

104

394

104

390

101.6±5

366-396

192

0.217

320

45

245

42

216

44±5

203-229

91

0.1

136

107

528

106

526

101±5

467-503

Table 8.3-1

Tabulated GDC coil measurement results

Two of the coils fail as they are out of specification. The analysed image of the “90’
coil is shown in Figure 8-8.

Figure 8-8

Analysed image of the “90” coil.

The system is also presented with a defect; the analysed image is shown in Figure 8-9.
The real image of the defect is presented in Figure 8-10. This was the smallest defect
available during the project. The defect is an inward crack. The inward crack was
described in section 2.2. Other, larger, defects produced more pronounced changes in
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the diffraction image. The Lab VIEW program continuously monitors the trends of the
data. The results from analysing Figure 8-9 produced an outer diameter estimation
which was within 10% of the rest of the coil. The pitch doubled and the number of
layer lines increased by 40%. Smaller defects must be considered for the validation of
the results.
Also, the program described by Dr. Doherty in section 3.5.2 was applied to the coils.
This program picked up on all unusual defects and was more sensitive in certain
areas. In one area, the attribute method measured the image and failed it. This was due
to a fibre on the side of the coil. The variable method measured this section and found
no problem. Both methods need to be incorporated into the final solution, as the
qualitative method fails coils which are within the design tolerance.

Figure 8-9

Defective coil
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Figure 8-10

Defective coil

8.4 Validation
To validate this measurement and detection system, Boston scientific will have to
run a statistically significant amount of coils through the system. As outlined in
section 5.3, a direct calibration may be used and this calibration must be factored into
the validation plan. For the FDA (Food and Drug Administration), a minimum of 95%
percent confidence at 99% reliability is required to prove the concept adequately. To
reach this value, an acceptable batch of 300-350 coils of each type must be put
through the system. For spotting defects, this system has two traps. These must be
validated. For the same reliability statistic, the system must be presented with 150
defects and these may be re-used to work up the statistical quantity. These are the
minimum reliability standards from the FDA for a process with a 10% sampling
inspection downstream [source; (FDA) 21 CFR parts 50 and 56].
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9 Conclusions and Recommendations
9.1 Conclusion
For the design of the diffraction rig, which optimises the capture of the
diffraction image of a GDC coil, the critical components are the Laser, the lens and
the CCD. Reducing the beam size produces better images and makes the system more
sensitive. Good quality lenses reduce the image aberrations. Increasing the number of
pixels increases the resolution of the system. A physically larger CCD produces better
images. The coil-holding mechanism must hold the coil steady and not damage the
soft coil. Any movement of the coil axis will produce large diffraction image changes.
The system should be shielded from ambient light to reduce background interference.
The method for image capture is slowed by the camera and data communication
protocol. This project tested USB, FireWire and Y/C connection protocols. All three
methods produced satisfactory communication speed, with the USB 2.0 achieving the
fastest frame rates. Image capture was not heavily dependant on CCD resolution,
unlike most other photographic applications. The camera speed can be increased by
adjusting the shutter speed which requires a brighter diffraction image. The increase
in brightness can be achieved by using a brighter laser or reducing the strength of the
neutral density filter.
Mathematically, the Fraunhofer diffraction image is the same as the Fourier
transform of an aperture. This expands to conclude that the Fourier transform of a coil
is the Fraunhofer diffraction pattern. The mathematical relationships between the coil
and the Fourier transform have been established and verified. The theoretical
relationships are exploited to deduce the parameters of the coil from the diffraction
pattern. The relative positions of the reflexions on the diffraction image are
proportional to the co-ordinates of the Fourier transform in reciprocal space.
The parameters that the image processing measures from the diffraction image
are the layer line separation, and the Bessel factor. The layer line separation is
measured in pixels. The Bessel factor is the factor which the Bessel variable for a
specific reflexion is multiplied by, to get its distance in pixels from the equatorial
axis. This is proportional to the magnification of the system and the radius of the coil.
The magnification is determined by a calibration carried out on an airy disk created
from a pinhole. The only variable is the radius and this is determined by the factor of
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every reflexion on the diffraction image. This set-up was tested and proved very
accurate with the coils available.
Two main programming lines were followed; the qualitative method and the
quantitative method. The results obtained from the qualitative method were very
accurate and promising. The qualitative program also gave impressive results. The
programs detected all available defects.
The results obtained from the program were verified by measuring the coils on a
comparator with an indexed table. Due to the soft nature of the platinum, some of the
coils were slightly out of the design specification. The measuring program
successfully identified these sections as being defective and the results obtained were
within the error range of the comparator.
The optical system has been optimised to create and capture the best
diffraction image for the analysis program to analyse. A complete understanding of
diffraction mechanism creating the diffraction image from a helix is directly applied
to the GDC case. The heuristics have been completely developed to inspect the coils
according to a user defined acceptance criteria.
The measuring aspect of this project is fully functional, outputting accurate
results. The defects are identified mostly by the measuring program, but also by the
qualitative program.

9.2 Discussion
The development of the rig was carried out with the goal of obtaining the best
diffraction pattern possible. The starting point was the rig developed by Charles Daly.
This was developed for his final year project and produced diffraction images. These
worked adequately for proving the concept that the diffraction images produced by
the coil are dependant on the coil. No automated image inspection was carried out by
Daly [5]. The images produced by Daly’ rig could be analysed by the final program,
but require much image processing to be carried out to improve the clarity of the
images, as many of the reflexions were lost by the noisy background. The image
processing is undesirable as it requires processing to be carried out on each image
pixel. For higher resolution images, this amounts to too much processing for a
computer and will slow down the program. The required processing to clean up
Daly’s images made the analysis four times slower than the optimised images. This
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was the driving factor for obtaining good raw images keeping in mind the possibility
of automating this system completely. The key factors considered were to have clear
outlines on each reflexion along with significantly dark regions between the
reflexions. The laser was the chief source of noise. To reduce the image noise, the
amount of noise on the beam had to be reduced significantly. A helium neon laser
produced the cleanest beam. As with all optical systems, the quality of the lens is
paramount to achieving good results. The CCD selection also points towards selecting
the largest physical size, rather than the highest resolution. This larger CCD size is
intertwined with the lens quality issue. The smaller the CCD chip, the higher the
quality required from the lens. The design of the rig also incorporated many features
necessary to test out ideas. All components had 3 dimensional movement capabilities.
This was primarily for accurately adjusting the components, to ensure they lay on the
optical axis. This also proved that moving off axis is a possible solution for a noisy
central beam. This was not incorporated into the final rig was due to the difficulties in
determining the order of the layer lines; the layer line order must be known. The
optical axis defined by the laser was controlled precisely by two prisms on tilting
tables, making a periscope. All these additions helped to make the rig more robust and
produced better images.
The image capture aspect had two main considerations: The first was the
physical size of the chip, as stated above, the larger the better; the second was the data
communication. The protocol determines the achievable data transfer rate, but also the
amount of data per image will affect the speed. Less data per image, means that more
images can be sent per unit of time. Greyscale images were chosen over colour
images because they contain less data per image. The protocol may also be changed to
a high speed serial connection to achieve higher frame rates. The cost was considered
here and that is why popular protocols, with popular chip sizes, were used. Interfacing
the CCD with Lab VIEW was quite simple using the commercially available drivers.
This was another reason to use the popular protocols.
The mathematics behind basic diffraction is easy to understand and is a topic
covered by physics modules in many third level institutes. The topic gets more
difficult once the aperture being analysed becomes a 2d, or 3d problem. Specialised
physics courses cover the 2d cases, but only specialised areas of study considered the
3d cases. The mathematical treatment is not constant across all areas which added
difficulty to understanding the topic. The basic concepts were introduced using [6]
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and the most applicable application was covered in [10]. The leap between these
treatments has been explained in this thesis. The final treatment of the diffraction
pattern used the concept of [10] with the nomenclature of [6].
As with all measurement systems, the outputs are only as good as the inputs.
The inputs to this system are the locations of the reflexions and the calibration. The
inputs to the calibration are the positions of the airy disk rings and the size of the
pinhole. The error contributions were evaluated and the largest contributor was found
to be the accuracy of the pinhole. A technique which would greatly improve this was
introduced in [21]. The calibration carried out on this system provided quite accurate
results. All measurements were compared to the data from the comparator and the
diffraction results were within the measurement accuracy of the comparator. This is a
great result.
The programs for this project were all developed on the LabVIEW platform.
The programs have a modulated approach and each programming aspect is developed
separately and combined in a tidy final program. The program takes ~300ms to run
and requires 3 frames per second from the CCD, the CCD’s used in this project all
have a maximum frame rate of 30 frames per second. The program was the final
processing bottleneck. The LabVIEW programming platform was selected because it
is designed for experimental set-ups and its graphical interface is very user friendly
for debugging. The code may also be converted into

C-H-

and loaded directly onto an

inspection PC. The program was developed with various adjustable parameters which
the user tweaks to their liking. Once the program is tweaked for the physical set-up
the user will not have to change the parameters any more. The first part of the
program outputs the Bessel factor and the layer line separation. These are used in a
calibration program which outputs the physical size of the coil. The second part will
compare the ideal image to the acquired image and uses a scoring measurement. The
score will be compared to a threshold score to obtain a pass or fail result.
The program was run on as many coils as possible and, more interestingly, on
all defects available. The program has 100% success rate in spotting defects. The
measurement results also proved to be quite accurate. The validation of this system is
outlined and needs to be statistically reliable. This will require many more defects to
be found and tested in order to gain confidence in the system and eventually allow it
to inspect all the GDC coils.
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9.3 Recommendations
All in all, the results from this project are very satisfying and the system is
performing very well on the available defects. However, there are aspects of the
system that require further improvement. The most urgent improvement needed for
the future automation of the system, is the reduction of the programming time. This
may be achieved by streamlining the data flow and also by statistically evaluating
what range the points of interest occur at and to only search these. It is essential to cut
down the amount of uimecessary searching. A smart-camera can also be incorporated
into system. A demonstration of these was observed from a LabVIEW associate,
where the LabVIEW code was loaded directly onto the camera and performed
analysis on a live image. Using this smart camera in this project, the processing would
be executed in the camera and the results would be the Bessel factor and the layer line
separation. These two results would be the only data transmitted to the computer. This
would have the advantage that the programming would not have to keep storing the
image in the processing memory and would read the data from each pixel.
The concept of a two roller rig rotating the coil down a slope, for the
automatic coil feed, has been proven. This may have an issue with the physical size
required. The coils are 1.5m in length. To inspect the coil fully the rig requires 1.5m
of roller on both sides. The solution to this would be to load the coil into a cassette
and have the cassette rotating too. This would substantial reduce the size required by
the rig. Care would have to be paid to the tension placed on the coil during loading
and unloading from the cassettes.
For the image capture, the aim is to achieve the maximum speed with the
necessary image quality. The image resolution needs to have a sufficiently small pixel
size relative to the reflexion. 25 pixels per reflexion would provide adequate accuracy.
The incorporation of a smart-camera would vastly reduce the demand on the
communication protocol. The physical size of the CCD is also a parameter for
consideration; the larger the CCD, the less noticeable the defects from the lens would
be.
The program may also be improved when the typical images have been logged
and various parameters can be given fixed values. Also, certain steps which make the
program work with the worst case images can be deleted when there is sufficient
confidence that the image will be of a consistent good quality.
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Calibration should be carried out with a greater range of pinholes and each of
these pinholes should be measured accurately. The system should be validated with an
extensive selection of coils and defects.
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A Appendix
A.1 Interference
When two identical waves meet in phase the resulting wave will have amplitude equal
to the sum of the two amplitudes and the same frequency and wavelength of the
contributing waves.

Consider 2 waves arriving at a point, Figure A-1, Figure A-2

A-1
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If the two waves have equal path lengths from the source to the point of intersection,
the

same

amplitude,

wavelength

and

frequency, then

constructively. Both can be summed to yield total amplitude.

+

This is known as constructive interference.

A-2

both

will

interfere
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Consider if the path length had a difference of half a wavelength, then one wave
would be out of phase with the other.

Figure A-3

Wave 1

Figure A-4

Wave 2

A-3
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Summing these results in a wave with zero amplitude

Destructive

0.5

0

► Destructive

-

0.5

-
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A.2 Simplified diffraction analysis
As a simple study of diffraction consider the set-up shown in Figure A-5

.-■i'

..- A

Figure A-5

A linear array of in-phase oscillators
[E. Hecht, Optics, Fig 10.6]

Figure A-5 shows a linear array of N point sources, all of these oscillator will meet at
an observer point P, as the particular diffraction been examined is Fraunhofer
diffraction the point P is quite far from the source array, leading to the assumption
that the paths from each of the sources to the observer point are effectively parallel,
also they have travelled roughly the same distance. Considering the wave amplitudes
(Eo) at this point P two factors need to be remembered, first the waves have roughly
the same distance and also they were all the same at the sources so intuitively it can
be written that:

^^o(''i)= Eo(r2)= E„{r,)=E„(r,)= E^{r^) = ... =
Equation A-1

Where
r

source to point path

For simplicity this amplitude will be referred to as
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EQ{r^) = E^{r)

Equation A-2

All of these amplitudes have equal magnitude.
At point P, the sum of the interfering wavelets yield an electrical field given by the
real part of

Equation A-3

Where
E

Electrical field at point P

Eo(r)

Amplitude of a single electrical field component
Exponent
Imaginary number (V^)
Positive constant known as the propagation number

111
CO

Angular frequency
27T

^ = 1 —I
T
T =

t

The term

Ill

Temporal period (time for one oscillation) of the wave.

111

vv;

time interval

can be taking out of every term in Equation A-3 to yield

E = Ejry‘“e“^' [l +

+ ... +
Equation A-4

Examining the exponential power, there is path length difference in each term.
Looking at Figure A-5 the first path length difference can be expressed in terms of the
source gap and the angle of inclination as follows.

(^2 -r^)= dsin(i9)
Equation A-5
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As before, the path length difference is given the symbol A,

Equation A-6

The phase difference (<?) in a fraction is —, so in radians it is

A

S = — '<27r

/I

or

= —xA,

T

'
Equation A-7

Recall from Equation A-3 that the propagation number is defined as

k=

In

111

T

This makes Equation A-7 become

S = kA,
Equation A-8

And subbing Equation A-6 into Equation A-8 yields

5 = k{r^-r,)
Equation A-9

That’s the first power of Equation A-4 taken care of, looking at the second power and
following the exact same route as above, starting with the path length difference

(^3

-r^)= 2dsin(i9)
Equation A-10

Using the common notation

(r,-r^) = A.

Equation A-11

So it can be written as
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A2 = Id sin(i9)

Equation A-12

Recall Equation A-5 and Equation A-6
Aj =

dsm{9)

Equation A-13

Equating Equation A-12 and Equation A-13
A, =2A,

Equation A-14

Using the power from Equation A-4 and Equation A-11

- rj) = fcA,

Equation A-15

Equation A-14 subbed into Equation A-15

k{r^ -r^)= 2kA^

Equation A-16

Combining with Equation A-8, Equation A-16 becomes

k{r,-r^) = 2S
Equation A-17

Coming back to Equation A-4, the powers are replaced with the results from Equation
A-8 and Equation A-17.

Equation A-18

This may also be written as

£ = £„ (r

[1 + e'‘ + {e'‘)'+ (e+ {e“ )iN-\)
Equation A-19

The part in the brackets is a geometric series, so the equation can be re written to
evaluate the series
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E = E,{ry‘‘e ikn

(e'^' -iT

Equation A-20

From indices
SN f'

(e'®-l) =

\

e ^ -e ^
V

y
Equation A-21

From trigonometric proofs
'\

f

e ^ -e ^
V

=

y

0• —
zzsin
I 2
Equation A-22

Putting Equation A-22 into Equation A-21

(e'®-l) =

^

2zsm —
2;;
Equation A-23

Similarly

/

{e'^

\
—f
fK
-1) = c ^ 2zsin —
V 2yy

V

Equation A-24

Using Equation A-23 and Equation A-24 in Equation A-20 yields

E = E„{ry“e

ikr.

1■ —
2zsm
I 2
•If . . fS
2zsin| —
2
Equation A-25
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Again using indices to combine the exponential terms above and below the line and
also cancelling the 2i above and below

f
E = E,{r)e-"“e“^'

i{N-l)S

e

V 2 y

^

V

m

sin

A

sin

J

S

V

j
Equation A-26

For reason that will become evident soon, the second and third exponentials will be
combined.

. (m

sin
E = E„(r)e-““e

V 2 ,
sinl —
Equation A-27

The power can be reduced as follows, taking a step back to Figure A-5, notice that the
average radius of the wave fronts to point P will be the length of the middle path. The
middle path length is

Equation A-28

This will just be simply called R.

« = '•, +A„.|
Equation A-29

From Figure A-5 the mid path length difference can be related to the first path length
difference as follows.
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N-\
A'-l

~

~

I

V

^

2

;

A>
Equation A-30

Using Equation A-30 in Equation A-29

Equation A-31

A rearrangement of Equation A-8 yields an important expression for Ai

A, =Equation A-32

This subbed into Equation A-31

R = r^ +

n-\Ys\

2

Ak
Equation A-33

Multiplying both sides by k will make the right hand side of the equation the same as
the power in Equation A-27

Equation A-34

Equation A-27 becomes

Sin —

E=

I2

sin

S
2)
Equation A-35
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The flux density distribution (I) due to Equation A-35 takes the form

1=

E.E
Equation A-36

In this equation the actual magnitude can be characterised by the flux density arriving
at any point. The magnitude is not the most important in this solution; it’s the
variation of the magnitude throughout the pattern that is important as it shows where
the maximum and minimum occur. The most influential part of the equation is in the
square brackets of Equation A-35, which is squared in Equation A-36. A solution can
be acquired by simply measuring the flux density at a point and calling it lo, which
can be directly subbed into to solution of Equation A-36, here it is in an equation.

sin

SN
—

1=L

Sin 21I —
2)
Equation A-37

Using Equation A-5, Figure A-5 and Equation A-9 the phase difference (6) is related
to the inclination angle (0) and separation (d) as follows

5 = kd sin 3
Equation A-38

Using this in Equation A-37

Sin
I=L
sin

(kd\ . J
N — sm i9
K2)
'kd\ . „

J

— sin .9

.2 j

Equation A-39

Looking at the numerator, it fluctuates quite rapidly, but the denominator has a
modulating effect on it, looking at a plot of both the numerator and denominator
versus the angle.
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Denominator and Numerator

Numerator
Denominator

Figure A-6

A plot of The Numerator and Denominator of Equation A-39
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The estimated maximum occurs where the denominator approaches zero and the
numerator is furthest from 0. These limiting cases are due to the dominant sin in the
denominator which 0 at an angle of In. The sine’s in Equation A-37 intuitively show
that these occur at angles of Imn or

fn

=

2m7r
Equation A-40

Where m is a positive or negative real number
i.e.

w = 0, ± 1, ± 2, ± 3...

The angle (0m) that produces a flux density maximum from Equation A-38 these
limits is

kd sini9^ = 2m 7T
Equation A-41

Recall from Equation A-3 that the propagation number is defined as

k=

^27r^

\ A j
|Hecht, optics, Equation 2.16]

Equation A-41 can be written as

— sin
A

= 2mn
Equation A-42

Rearranged to

d sin i9„ = mA
Equation A-43

Making 0m the subject of Equation A-43,

= sin '

^mA^
\ a j
Equation A-44
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Plotting a graph of the flux density vs. angle and superimposing estimated maximum
angles on it yield the following graph,

Intensity vs Theta
12
\ y
7'

10

\ y

\. y

7^:^

\ y

7X

\ y

7^::

\ y

7

\ y

7

11

8
0)

1 6

-----Flux Density

Q-

X

E

<

Estimated Maxima

u
0

0.2

0.4

0

Angle Theta

Figure A-7
A-39

A demonstration showing that Equation A-44 yields the maxima of Equation

This shows the method of analysing diffraction, it now seems logical to analyse a
similar set-up but make it more realistic, consider
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f^
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/

Figure A-8

A more realist array of oscillators forming a coherent line source
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The width of this slit is much less than the light wavelength and each of the point
sources emit spherical wavelets which can be written as

f c-

\

V

y

sin(&>f - kr)

E=

Equation A-4S

Where Eq is the source strength

This set-up varies from that of Figure A-5, the sources are quite weak, the number of
sources is very large, and the separation between them is also small. For analysis the
slit will be divided into M segments and the i^ segment of width (Ay,) will be looked
at.
An important assumption requires Ay,, to be so small that the oscillators in the
segment have relatively no phase difference. This means that the total field from this
segment is simply the addition of all the individual sources. Its also necessary to
address the issue of the source strength diminishing to zero as the number of
oscillators increases to infinity, this problem is overcome by introducing a constant
£i, which will be the source strength per unit length giving an expression to allow for
an infinite number of almost zero sources, an expression for that would take the form

0 V->«)

Equation A-46

Where

D

length of the entire slit

N

number of sources in the entire slit.

By putting this into Equation A-45 it’s necessary to multiply the source strength per
unit length (6:^) by the length of the slit (Ay,), the field from i is therefore

E=

sin {cot

V

- kr^)

y
Equation A-47

From the entire slit
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M

£=I
/=1

sin (6;/ - kr^)

V

;

[A^,]
Equation A-48

If Ay, becomes infinitesimal then M

oo and Equation A-48 can be written as a

definite integral

sin(6:>/ -^)

dy
Equation A-49

From geometry it’s clear that r is a function of y
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A.3 Fourier mathematics
This section will start with a simple explanation of a Fourier transform and move on
to describe how Fourier transforms are used in diffraction; the common starting point
to understand Fourier transforms is to look at the following graphs of two sin waves
of different amplitudes and wavelengths.

Figure 3-2

Addition of the two waves

The addition is not a sinusoidal wave, one can see from this that it is possible to
synthesis other wave profiles using a number of sinusoidal functions whose
amplitudes, wavelengths and relative phases have been carefully selected, this forms
the basic concept of a mathematical technique devised by the French physicist Jean
A-19

Appendix

Precision Coil Inspection

Baptiste Joseph, Baron de Fourier(l768-1830). This theory founds what is known as
Fourier’s theorem, Fourier’s theorem states that

A function f(x), having a spatial period X, can be synthesized by a sum of
harmonic functions whose wavelength are integral sub multiples of X (that is, X, X/2,

m)
This forms the basics, as an initial step towards the goal the Fourier theorem is
represented mathematically in the form

(
/(x) = Co +C, cosj^^x + fij + C^

cos

In

T

+

V 2
Equation A-1

Where

Co,Ci,C2...

Constants, determining the amplitude of each contributing part.

8o, Oi, S2...

phase difference for the contributing parts.

Equation A-1 represents what is known as the Fourier series. To understand better
how this works take each part separately to see how they approximate the value of

f(x). Firstly the constant, this on its own will not approximate much, just around those
points where it crosses the/fOc) curve. When used in conjunction with the other terms
it serves as a constants height term, useful for locating a mean curve height as it is a
non fluctuating term. The complete second term serves to make the synthesized wave
pass the curve more frequently, which in turn improves the accuracy of the
approximation, and further terms are selected to improve the accuracy even more.
When an infinite number of correctly chosen terms exist, then the approximated value
would meet the curve at an infinite number of points which will make the complete
series presumably identical to f(x). Even though this representation of the technique
was the easiest to explain the rationale behind the method, it leads to quiet difficult
mathematics when selecting the various values for the specific terms. The Fourier
series expansion is more commonly presented in the less tedious mathematical form.
This form makes use of the following trigonometric identity :
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cos(yi + B)= CosA.CosB - SinA.SinB
Equation A-2

This identity is used to present the second and subsequent terms, starting with a
general form of second and subsequent terms.
C, cosf—X + fcos(^x + s^).......where

V T

7
^

Itt

Cj cos

A

m=1

X + S-,

=

cos{kmx +

.......where

m=2

Equation A-3

Using the identity shown above in Equation A-2 on the general form

cos{kmx + £„) = C^Cos(mkx).Cos(£„,)-C^Sm{mkx).Sin{£^ )
Equation A-4

Two further substitutions are made to present the common form of a Fourier series

cos{Jcmx + £;„)= A^.Cos(mkx) + B^.Sm{mkx)
B„=~C„Sm(eJ
Equation A-5

Keeping sight of the goal here, Equation A-1 is recalled and applying Equation A-5 it
becomes

f{x) = Cq + [A^Cos{kx)+ 5i5'w{Ax)]+ \A2Cos{lkx)-^ B^Sini^kx^^...
Equation A-6

Therefore the full series is

/(x) = Co + X A^Cos{mkx)+'^ BJin{mkx)
m=\

/n=l

Equation A-7

To form expressions for Am and Bm analysis has been carried out and one resulting
mechanism to yield a solution is as follows.
Multiply both sides by cos(mkx) and integrate with respect to x
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cos{mkx).dx = | CQ.Cos{mkx).dx + £ A^Cos^{mkx).cbc +B^Cos{mh^Sin{mkx)dx

Equation A-8

Making observations on all terms
[VW QOs{mkx\dx
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CQ.Cos{mkx\dx

As Co is constant this term will integrate to zero, so it can be cancelled

A^Cos'{mkx\dx

£ B^Cos{mkx)Sin{mkx)dx

A-23
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PlotO A/

Sin(x)co5(x)

1000

Time
When integrated this term goes to zero, so it can be cancelled

Using the observations on the terms, Equation A-8 will become

r/(4 cos{mkx).dx

= £ A^Cos^{mkx).dx
Equation A-9

X
The integral of the right hand side is —
r

so Equation A-9 becomes

cos{mkx).dx = A^ X
Equation A-10

Keeping in mind that the goal is finding an expression for Am, rearranging yields

2 ^

/Wcos(wb:>A
Equation A-11

To yield an expression for

, a similar method is used, starting back with Equation

A-7, multiplying both sides by sin(wAx)and integrating over one wavelength. Similar
observations can be made and it will be rearranged to yield

2 ^ /(x)sin(wA:v)^A
=-£
Equation A-12

An expression for Q is also required, the method chosen here will simply integrate
both sides of Equation A-7,
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f{x)-dx =

Co dx +

A^Cos{mkx).dx + £ B^Sin{mkx)dx
Equation A-13

As before £* A^Cos(mkx\dx is zero and

B„Sin(mkx)dx is also zero, leaving just

Equation A-14

Here it’s worthwhile to notice that if in Equation A-11, m is set to 0, then

A

=

Equation A-15

Or
J„ /(xUx

A

=

Equation A-16

Equating Equation A-16 and Equation A-14

CqCIx = Aq

A
Equation A-17
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Integrating the left hand side

c 0—
^

-

2

Equation A-18

So an expression for Q is derived, all this is in aid of making an expression that
makes it possible to make a Fourier series, so combining all the terms derived.
Starting from Equation A-7

/(x) = Co + ^ A^Cos{mkx)+ ^ B^Sin{mkx)
m=\

From Equation A-18

r —

^0

° " 2
Changing Equation A-7 to
S ^Sosimkx) + ^ BJin{mkx)

/(^) = Y

/M=l

m=l

Equation A-19

From Equation A-11

Equation A-20

From Equation A-12
2 ^

/(x)sin(/wAx>^
Equation A-21

There are certain symmetry conditions that are well worth noting because they
simplify the computation. If a function has the characteristic that f(x)=f(-x) then it is
said to be even, it basically means that the function is symmetrical about the y axis,
cosine is symmetrical about the y axis so it makes sense that the solution should only
contain cosines, in other words when a function is even, symmetrical about the y axis,
Bm=0. Similarly, if a function has the characteristic that -f(x)=f(-x), it is said to be
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odd, it is symmetrical about the origin. Sine is symmetrical about the origin. It makes
sense that the solution should only contain sine terms, Am=0.
This is all well and good for a periodic wave but most of the time the wave
phenomena which are of interest in the natural world are non-periodic, so how does
the Fourier series deal with this? As a quick demonstration of the property used to
deal with this, a simple square wave is considered.
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1

^

r«
Figure 3-3

Wave to show the Fourier series for a non periodic

The relationship between a and X is determined by the width of the peak, in this case
the peak width is to be Yi

2~ a

a = 4T
Equation A-22

Looking at the wave it is symmetrical about the y axis, so it is even, Bm—>-0, using
Equation A-20 to determine the following Fourier coefficients

sin
A =-

/I

mn

V2T

mn
2A

Equation A-23

Subbing these values into Equation A-19

Sin

mn

u

mn

Cos{mkx)

IX
Equation A-24
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Notice how the wavelength has been left as a variable, this is to demonstrate what
happens to the Fourier coefficient as the wavelength gets larger, while the peak width
remains constant, in this case V2 a unit. Plotted in Lab VIEW,

PlotO

Wave lambda 2
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Figure 3-5

Fourier series approximation of a wave with a wavelength of 2 units
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Wave lambda 4
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Figure 3-6

Fourier series approximation of a wave with a wavelength of 4 units

The number of terms to yield the above graphs varied, the larger wavelength required
more terms as the wave was less like a sinusoidal wave. It is interesting to look at the
variations in the A terms to yield the above approximations, as the A terms are
independent of spatial dimension the x axis dimensions will be of the spatial
frequency mk. Recall that m is the fraction of the wavelength at which the Fourier
series is synthesising the wave, with m=2 the Fourier term has a frequency twice the
original wave, so the mk term indicates the spatial frequency of the term contributing
to the wave syntheses where m is the order of the harmonic. Examining the A
coefficients, these are weighting factor which tell the effective contribution of the
term to the overall syntheses. The plot of A vs mk will tell the contribution of the
various harmonics.
PlotO
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Figure 3-7
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Plot of Fourier coefficients versus spatial frequency for a wavelength of 1 unit
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Figure 3-8

Plot of Fourier coefficients versus spatial frequency for a wavelength of 2 units
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Figure 3-9

Plot of Fourier coefficients versus spatial frequency for a wavelength of 4 units

Figure 3-7 has less terms because k is large (27t), Figure 3-8 has twice as many terms
as because k is smaller (;c) and similarly for Figure 3-9 where k is smaller (7i/2). All
three figures show the same profile for the set-up, as X gets larger more terms are
required which explains why the amplitude for the profile reduces, but the most
important thing to note is that as the wavelength tends towards infinity the shape of
the profile of the A vs mk graph will remain the same. This profile will then be that of
a single square pulse. As the wave length gets so large, k gets smaller m must get
larger if mk is to exist. A single pulse is no longer periodic, meaning the wave is said
to be non-periodic. It is obvious that the mk term will no longer be applicable.

For the moment recall that an integral is the limit of a sum whose number of elements
goes to infinity as the sizes tend to zero. What is required is a Fourier integral, the
Fourier integral is
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/(x) = — [ ^(A:)cos kx.dk + [ 5(A:)sin kx.dk
Equation A-25

[optics, E. Hecht, Eq 7.56 pg 211]

Equation A-26

[optics, E. Hecht, Eq 7.57 pg 211]

Where
4o=r/M cos kx'.dx'
J—CO

B(k)=

f

J—CO

/(x')sin Ax'.(ix:'

As previously explained the mk term is no longer applicable as the wave has no
fundamental frequency, no harmonics either, so the variable k is introduced which is a
continuous frequency distribution. The quantities A(k) and B(k) are therefore
interpreted as the weighting factors for the spatial frequency k. They are generally
called the Fourier sine and cosine transforms. The term x’ is used to indicate that the
variable is not the same term as x when Equation A-26 is subbed into Equation A-25.
The sine and cosine transforms can be consolidated into a single complex exponential
expression as follows; substitute Equation A-26 into Equation A-25

/W=n

r L/{^') cos Ax'.fix:' . cos Ax.JA: + £ J

f{x'^s\nkx'.dx' sin kx.dk

Equation A-27

Using the trigonometry rule
cos{a -b) = cos a. cos b + sina. sin b
Equation A-27 becomes

/(x) = —
‘jr

f f

Jo

J—CO

/(x')cosA:(x'-x)<ix:' dk

Expanding the out limits of integration for the outer integral to + & - oo. As the
function is even the integral value will double, which means that the whole lot must
be halved to maintain the integral value.
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/(x) = — f

2n

f f{x')cosk{x'- x)dx' dk
Equation A-28

The next step requires a look back at Euler’s theorem,
= cos«i9 + /.sin«i9
Equating cos(n6) to Equation A-28 means that the corresponding term for i.sin(n6)
would be

i f
In J—

f f(x')sink{x'-x)dx' dk

00

J—00

Note this term is odd so the integral from -oo to oo would in fact be zero, meaning that
it may be added to Equation A-28 without effecting the value but most usefully
Euler’s theorem can be applied to form the complex form of the Fourier integral.

_1_

f f /(^') cos k(x' In J—00 J—00 '
1 r
=^
dk
2n

/W =

1 + /M
J—<a

r [ /(.x')sin A:(x' - x)dx' dk
J—00

By laws of indices this becomes;

/W=:^rf
Tf /(y
2n

dk
Equation A-29

Examining this expressing it can be seen that the term inside the inner square brackets
may be brought out as a separate function so the x ’ can be changed back to x, making
Equation A-29 become

/■(a:) = —r Fiky^dk
In

Equation A-30

Where

F{k)=r /{x'y^^'dx’
J—00

or

F{k)=\'° fixy^’dx
J—00

Equation A-31

When there is only one x variable in question to evaluate the F(k) function.
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This F(k) function is called the Fourier transform, it may be symbolically represented
as
f(A)=3{/(4
Equation A-32

Thus far all that has been considered is a 1 -d function, according to E. Hecht, the two
dimensional transform is as follows

/(*. y)=EI

K'**'”*’'^*^*.
Equation A-33

[optics, E. Hecht, Eq 11.13 pg 399]

Equation A-34

[optics, E. Hecht, Eq 11.14 pg 399]

Where

Applying the notation from Equation A-32 changes Equation A-34 to

Equation A-35

Fourier transforms provide a useful mathematical tool for applications of Fraunhofer
diffraction.
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